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The equations governing spherically symmetric phase growth in an infinite medium 
growth controlled 


Abstract 
are first formulated for the general case and are 
All assumptions and restrictions 


then simplified to describe 
are recounted Exact 


by the transport of heat and matter. 
solutions of the equations are obtained for conditions typical of bubble growth in the nucleate 
The effect of radial convection resulting 


boiling of (a) pure materials, and (b) binary mixtures 
from unequal phase densities is established and the regions of applicability of previously reported 


approximate solutions are determined 


phase, sphériquement symetrique, dans 


Résumé — Les équations régissant le grossissement ce 
un milieu infini, sont dabord établies pour le cus général et simpl'fiées pour décrire le grossisse 
Il est tenu compte de toutes les 


lé par le transport thermique et le transport de matiére 


ment reg 
Des solutions exactes des equations sont obtenues pour des con 


hypothéses et limitations 
ditions tyvpiques de grossissement de bulles, dans lébullition sous forme de bulles : 


(a) de substances pures 


(b) de mélanges binaires. 


densités inégales est établie, et les régions 


Linfluence de la convection radiale resultant de 


application des solutions approchées, notées préecédemment sont détermineées. 


Zusammenfassung —Die Gleichungen fiir das kugelsymmetrische Phasenwachstum in einem 


ausgedehnten Medium werden zunichst allgemein formuliert und dann fiir jenen Fall vereinfacht, 


Alle Annahmen 


bei dem das Wachstum durch den ‘Transport von Wiirme und Stoff bestimmt ist 
Lésungen der Gleichungen werden erhalten 


und Einschriinkungen werden aufgezihit. 
fiir Bedingungen, wie fiir das Blasenwachstum bei Blasenverdampfung in (a) retnen Stoffen und 
Kinfliisse radialer Konvektion, hervorgerufen durch 
denen die oben 


(b) Zweistoffgemischen typisch sind. Die 
werden behandelt und die Bereiche bestimmt, in 


ungleiche Phasendichten, 
erwahnten NiherungslOsungen anwendbar sind 


heat transfer, although, to be sure, complet 
various 


INTRODUCTION 


understanding awaits explanation of 


Tue dynamics of vapour bubbles is of fundamental 
nucleation phenomena, 


importance in nucleate boiling. The photographic 
evidence for this and the auspicious developments 
in the theory of boiling that have followed have a 
been reviewed by Westwarer [23]. Recently problem of spherically symmetric phase growth 
ZuBER and his co-workers (7, 14, 25] attempted 
to relate heat transfer in pool boiling and density 


This paper has twofold purpose : (a) to present 
mathematical statement of the 


consolidated 


with suflicient generality that the connection and 


applicability of diverse treatments of the problem 


can be seen; and (b) to analyse in this setting 


transients in volume-heated boiling systems to an 


idealized theory of bubble growth in superheated — the 
Thus unlimited body of superheated liquid when 


growth is controlled solely by the transport of 


vapour bubble in an 


growth of a_ single 


liquids, and their results are promising. 


study of the mechanism of bubble growth should 
nucleate boiling heat and matter. 


advance our understanding of Two cases are examined in 
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detail: bubble growth in pure liquids, and in 
binary solutions. Approximate solutions have 
been obtained by PLesser and Zwick [18, 26] 
and Forster and Zuper [6, 11] for the former 
case, and by SrerNuinG [22] for the latter when 
one component is non-volatile. It is shown that 
the approximations are accurate only over 
restricted ranges of pressure and superheat. 
Other instances of spherically symmetric phase 
growth controlled by diffusion have been analysed 
mathematically. Over the years there has been 
considerable interest in “ Stefan-like " problems, 
i.c., deducing the motion of a phase-transition 
front controlled by transient diffusion of a 
single entity, most often heat en rey, when the 
old and new phases are of equal density. Rieck 
first obtained a solution for a spherically symmetric 
front [12]. 
(24), Geist 
dealt with motion of the front governed by the 
diffusion of both heat and matter. Recently 
Sestrx1 [21] established the existence and 


His result was rederived by ZENER 


[9], and Frank [8]; the latter also 


uniqueness, in the mathematical sense, of a 
solution. KoLopner [13] achieved a reduction 
of the problem to the solution of an integro- 
differential equation for the motion of the phase- 
transition front, in which the effect of interfacial 
tension is readily included. The effect of inter- 
facial tension was also included in the approxt- 
mate solutions published by EpsTern and PLessr1 
[4]. In other approximate treatments the inter- 
actions in a swarm of growing spheres have been 
considered [15, 20). 

A transition between phases of different 


densities produces in the surrounding fluid a 


radial convective motion which modifies the 
concentration and temperature fields and hence 
the motion of the frort. In their analyses of 
bubble growth in superheated water Forster 
and Zusper [6, 11] and Piesser and Zwick 
(17, 18, 26) allowed for convective heat transport. 
Despite complexities arising from terms re present- 
ing hydrodynamic and surface tension effects in 
their equations, the two groups obtained useful 
approximate solutions in fair agreement for the 
“asymptotic stage’ of bubble growth, 1.e., for 
growth limited by heat transfer. CnampBré [3] 
tried to treat the dynamics of phase growth in a 
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two-phase system of unequal densities, but his 
results are vitiated by their violation of the 
equation of continuity throughout the fluid 
surrounding the growing phase*. In this paper the 
influence of radial convection on spherically 
symmetric phase growth controlled by diffusion 
is established. 

The problem is complicated not only by radial 
convection, but also by the motion, unknown 
beforehand, of the phase-transition front, at which 
boundary conditions involving concentrations, 
temperature, and their normal gradients must be 
specified. 

We begin by formulating, in rather general form, 
the equations describing spherically symmetric 
phase growth, including the pertinent equations 
of hydrodynamics. We then simplify the problem 
by imposing a series of restrictions and assump- 
tions which are reasonable for bubble growth 
in nucleate boiling, and all of which are explicitly 


stated. Finally, we find particular solutions of 


the resulting equations of heat and mass flow. These 
solutions are exact so far as the stated assumptions 
are concerned, They are asymptotic solutions ; 
they are not complete solutions for the earliest 
moments of bubble growth in a superheated liquid, 
and neither do the equations of heat and mass flow 
completely describe the earliest stages of growth, 
in which surface tension predominates and liquid 
inertia and viscosity may be important. However, 
the errors introduced by our solutions at the 
beginning of the growth process become negligible 
at later times, so that they provide adequate 
descriptions of bubble growth during all but the 
earliest stages. Moreover, the heat transfer 
associated with the initial growth of bubble nuclei 
apparently is relatively insignificant in typical 
nucleate boiling heat transfer (see ref. [7]). 


2. FORMULATION OF THE PROBLEM 


We consider a spherical vapour bubble growing 
in a quiescent, superheated liquid of infinite 
extent. The growth rate is determined by the 
difference between the pressure within the 
bubble and the ambient pressure, liquid inertia 


* See equations (17)-(19), ref. [3]. For an incompressible 
fluid, conservation of matter requires that the product 
ur*® be independent of the positional co-ordinate, r. 
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and viscosity, surface tension, and transport of 
heat and volatile material through the liquid to 
the bubble Under all but the 


extreme conditions compressibility effects, vapour 


surtace. most 
inertia and viscosity, and pressure, temperature, 
and concentration gradients within the vapour 
26]. Over 


variations of temperature and composition the 


can be disregarded moderate 


physical properties of liquid and vapour can be 


assumed constant. 


For convenience, the additional restrictions and assump- 
tions that are imposed below are collected here, together 
with the number of the equation(s) where each is first 


introduced : 


Spherical symmetry (2) 
Constant fluid density (2) 
Newtonian fluid (7) 
External body forces absent (7) 
Infinite medium (8) 
Viscous dissipation negligible (12) 
Energy flow by ordinary conduction only (12) 
Constant thermal properties (12) 
Two-component system (15) 
No chemical reactions (15) 
Mass flow by ordinary diffusion only (16) 
Constant mass diffusivity (16) 
Uniform initial distributions (20), (21) 
Kinetic energy terms negligible (25) 
Surface energy term ne vligible (27) 
Heat of mixing negligible (27) 


Heat capacities of the two components equal (27) 

Inertial, viscous, and surface tension effects (27), (31) 
negligible 

Linear equilibrium relation (20) 


Dalton’s law for gases MO) 


Internal heat generation absent 
A. Equation of continuity 
The equation of continuity* 


Do 
De 


pV-V (1) 


when written for spherical symmetry and an 


incompressible fluid can be integrated to give 


ur? (A) (2) 


where the origin of the co-ordinate system Is the 
bubble centre, which is at rest. Since the quantity 


ur? is a function of time alone, it can be evaluated 


* The vector and tensor notation used in equations (1) 
(6), (11), (14), and (15) ts that of Bren {[1, 2}. 
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in terms of its value at any radius, say, at the 
bubble surface. The surface moves with velocity 
R while the liquid immediately adjacent moves 
with velocity u(R); the net velocity causes a 
mass flow of 47 R* p, [R 
just equal the rate of vaporization of volatile 
Thus 


written for the bubble surface gives [3] 


d {4 
(5 


During bubble growth the 
but 


u (R)] which must 


material into the bubble. a mass balance 


pa) R* p, [R u (R)] (3) 


volume increases by 


orders of magnituc the vapour density 


changes relatively littl hence it 1s permissible 
to assume that vapour density ts independent of 


time [18, 26], whence 


(R) R (p, Pq) PL 


Substituting this result in equation (2), we have 


ur* eRR? (5) 


as an expression of the continuity condition for 


the liquid. 


B. Equation of motion 
The motion of the liquid is governed by the 


Navier-Poisson equation 


DV 


oF (6) 
De 


which for spherical symmetry, incompressible 


Newtonian fluid, and no external body forces 


reduces to 10) 


Substituting for velocity from equation (5) and 
integrating over radius from the bubble surface 


to infinity, we obtain 


P,, (0) — p,, (R) 3 


= RR 
€PL 
the stress at 


negative of 


The radial component of radial 
the the 


pressure, while at the bubble surface it is given by 


infinity is just ambient 


- (R) = p, + — 20/R (9) 


4 
yu op u 
uy! P; (7) 
3 


The equation of motion for the bubble surface ts 
obtained in final form by substitution in equation 
(8): thus 

2o R 


Py > Pi RR? Re (10) 
R 


€py - ' 


This equation 1s identical with the extended 


Rayleigh equation © of other writers |J. 16, 19), 
except that they have tacitly assumed that the 
density factor « is unity and, im sore ises, they 
have overlooked the viscous term, which ts, 
admittedly, often sufliciently small that 
be neglected [11, 18, 26). 

The partial pressure of volatile material in the 
growing bubble, p, in equation (10), ts specified 


bv postulating thermodynamic equilibrium 
between Vapour and liquuid at the bubble surface. 
Hence it depends upon the temperature and 
composition of the liquid there, which are in turn 
dependent upon the rates of energy and mass 
transport, respectively, within the surrounding 
liquid. The partial pressure of any inert gas 
initially present also depends upon the tempera 
ture at the bubble surface ; in addition, it is a 
ral, then, 


the transport equations must be considered 


function of the bubble radius. In gene 
simultaneously with the equation ot motion, 


Equation of cnergy flow 


The en rey balance equation is [2 


DE 
p \ VV ( (1 
De q d 1) 


which for spherical symmetry, incompressible 
fluid, negligible viscous dissipation, no energy 
fluxes other than ordinary conduction, and 
constant thermal properties reduces to [1] 


(12) 


With « quation (5) for radial velocity this becomes* 
IT 


ors rw or Py, 


* The heat generation term @ py Cy, 1H equations (13) 
and (22) is omitted later in the present analysis [equation 
(36)), but is retained here to facilitate comparison with the 


work of others 11 17 VO. VO 


Equation of mass flow 


The mass balance equation for the /-th com 


ponent of a multi-component fluid ts [1, 2 


De, 


j C,V-V +d (14 
De Ji 


Restricting consideration to two-component 
systems in which chemical reaction effects are 
absent and writing equation (14) for component 


we have 

di (15) 
which for spherical symmetry, constant mass 
density, no mass fluxes other than ordinary 


diffusion. and constant diffusivity reduces to 


ro 


E. Initial conditions 


Initial conditions for equations (10), (13) and 
(17) can be formulated somewhat arbitrarily as 
follows : 


2a 


R (0) (18) 
Poo Pio 


where the small displacement 6 from the initial 
equilibrium radius may be set equal to zero if the 
source term is retained in equation (13), [6, 11, 
18, 26). 
R(0) = 0 (19) 
the initial bubble growth velocity ts nil. 
T (r, (20) 
C (r, (21) 
i.e., the liquid ts initially of uniform temperature 
and composition. 
Boundary conditions at infinity 


If the source term in equation (13) is indepen- 
dent of position at large distances from the 
origin, then 
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om 
M0 or r= 
n K | | 
: 


Q (0, (22) 


1 


@) (233) 


G. Boundary conditions at the bubble surface 

At the bubble surface the temperature and 
concentration gradients in the liquid are re lated 
to the rate of bubble growth by energy and mass 
balances written for the open system represented 
by the bubble itself. The mass balance for 
component 1 in the bubble is, by a derivation like 


that of equation (3), 


mpg  — 0) — + 


C(R,@)0 R | (24) 


The energy balance for the bubble, neglecting 


relatively unimportant kinetic energy terms, 1s 


d {4 | 


reR 


€) R | | 
Or 


k | oF | (25) 


he C(R.@))0 


During bubble growth the changes in vapour 
density and internal energy are small compared 
to the volume increase, and the surface energy 
term Is appreciable only for very small radu. 


Furthermore, the difference 


Pa PG fl C Pe ) (26) 


is negligible provided the inertia, viscous, and 
surface tension terms in) equation (10) are 
negligible. If it is also assumed that the heat 
capacities of the two liquid components are equal 
and the heat of mixing is negligible, equation 


(25) simplifies considerably to 


RA =p, h(l—oR 
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Taking liquid at the initial temperature of the 
system as the reference state in equation (27), we 


have 


og RIL 


|T (R.A) e)R k | (2S) 
or R 

Finally, the partial pressure of volatile material 
in the bubble is determined by the assumption of 
thermodynamic equilibrium at the bubble surface, 
i.c., by specifying p, as a function or liquid 
temperature and composition at the interface. 
It is convenient to employ the first terms of a 


Taylor expansion about a suitable reference, say 


[7 (R. @) 


op 

(R, Col (29) 
The partial derivatives must be evaluated at the 
reference conditions from thermodynamics. The 
assumption of thermodynamic equilibrium also 


determines the Vapour composition, since 
P, Ye (1 Ps (30) 


at bubble surface conditions. 


i. Over-all ene rgy and mass balances 


In addition to the foregoing boundary con- 
ditions, solutions of equations (13) and (17) 
nec ssarily satisfy the requirements of conserva 
tion of energy and mass in the system composed 
of the bubble and its surroundings. Provided that 
reasonable approximations have been made in 
formulating the boundary conditions, thes 
requirements are automatically satisfied by exact 
solutions ; they thus supply a test of assumptions 
made and a means of checking exact solutions, 
and they place definite restrictions upon approxi- 


mate solutions. 


I. Further simplifications 

Differential equations (10), (13) and (17), to- 
gether with the initial conditions given by 
equations (18)-(21) and the boundary conditions 
given by equations (22), (23), (24), (28), (29) and 


(30), constitute a general statement of the problem 


- —_ 
| 
0 
L. = Po (Tar Co) + 
0 
F 
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The 
the 
numerous assumptions and restrictions set forth 
the 


additional simplifications, 


of spherically symmetric phase growth. 


problem is obviously formidable, despite 


above. In present analysis the following 


valid for conditions 


typical of nucleate boiling, are made : 


viscous term in (10) Is 


(a) The 


completely negligible for bubbles growing 


equation 


near their boiling 


While it 


early 


in ordinary liquids 


points [11, 18, 26). may be 


significant during the stages of 


growth in a highly viscous liquid, it 


becomes vanishingly small as growth 


ili; hence it is omitted in the 


pr 


following. 


inertia and surface tension terms in 


The 
equation (10) are neglected, since they ar 
significant only during the initial expansion 
of the nucleus 11, 18, 


26 As the 


original bubblk 


ts growth 


rapidly becomes limited by the rate of 


arrival of volatile materials in the proper 


proportion and of the heat necessary for 


vaporization at the bubble surface. 
The 


ignore d 


mert gas term mn equation 10) os 
vided the 


dissolved 


This is permissible pry 
boiling liquid is nearly fre 
then juantity of 
bubble 


ipared to 


lor any small 


; 
inert ons present im the ori ’ 


nucicus becomes gligible 


the material vaporized during growth. 


terms juations (13) 
These 
ated 


are set equal 
are non-zero for ohume-h 
en when they a not 


on the sol bubble 


but ‘ 


their influence later stage 
growth is usually negligible |G, 11, 18, 26). 
From the vdiditiona!l 


that p 


sumplitic atmos at 


follows thy mphout fhe motion. 


For a 
bound ry 


Tir lam @ 


equals 


om component svstem the equilbbrium 


condition then reduces simply to 


while for 1 binary 


direct! iu 


constant 


on 
equation vields reiation 


bet weer temperature and 


the bubble 


composition at 


surface : thus 


T sas] (5) (31) 


C (R, (R, 0) 
The accuracy of this linear approximation is 
diminished when the bubble surface temperature 
deviates greatly from the bulk saturation tem- 
perature. However, replacing equation (31) by a 


non-linear relation does not introduce undue 


complication. For a binary solution, it can be 


shown that* 


ae 
= 


CLL, (M,C, 


M,](1 + al) 
(1 x) 


\PL 


(32) 


oa 
With simplification (c) and equation (30), the mass 
fraction of component 1 within the bubble is 

C (R, @) 
(33) 


ty C (R, @)| 


where x the relative volatilitv at the bubble 


surface temperature, 

For the present analysis the over-all energy and 
mass balance requirements are 
|T (r, 0) T,| dr (84) 


« 


tek 


Pa (Py (,) (r, @) C,] dr 


K 
0 


3%. Growrn CoNnTROLLED By Heat 


TRANSFER 


Initially the nucleus 


ley nds very strongly on surface tension and the 


growth of the vapour 
surrounding fluid, but in a one-component system 
the growth very quickly becomes limited by the 
rate at which latent heat of vaporization can be 
bubble ll, 18, 26). 


Growth thereafter is governed by equations (13), 


supplied at the surface [6, 


* In the derivation of equation (32) use is made of the 


Clausius-Clapeyron equation, and heat of mixing is 


neglected 


: 
~. 
VOL. 
10 
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(20), (22), (28), (29), and (34). In terms of dimen- 
sionless temperature and parameters, these are 


conveniently transformed to 


K (t,, r?R? Rt, (36) 


er" t,) 
t(r,0) (37) 

t(R, @) (38) 
t.(R, 0) = K" R(€ + (39) 


On dimensional grounds we assume as a solution 
t(r, @) t(s), and 


28 \/(K@) (40) 
where 
r/2/(K@) (41) 
Then equation (36) becomes 
which integrated once gives 
{s * exp ( s? 2 (43) 


and upon a second integration and application of 


equation (37) yields 


of phase growth 


. 


w*%exp(—a* —2¢ (44) 


The constant of integration is evaluated using 
equation (39) 


(€ + wv7) 28% exp (8? + 28?) | a” 


exp ( r? — 2683 a") da (45) 


The growth constant £ is evaluated by means of 


equation (38):* 


B) 


| a? 


26° exp exp (5 


8 

exp (— a? — 2") dx (46) 

* The analogous result for growth controlled by mass 
transfer (e.g., evolution of a gas bubble) is 

( 

( 


(C ) 
Pg \PL sat! 


in which case 


284/20 


Fic. 1. Bubble growth in one-component systems, Equation (46). 


~ 
‘ 


s 
~ = 
— 
‘An 
| “hit 
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Equations (45) and (46) are a parti ir solution 


differential equation ; together they satisfy 


boundary conditions and the conservation 


energy requirement. Equation (46) may be 
solved bv suUCcCeSSIVE ipproximation for tiv growth 
thy degree ol superheat and 


it plot of the 


rate constant 
the requisite physical properties, or 


equation as in Fig. 1 may be used. Figure 2 


displays for a typical casc, bubbl growth in 


Bubble growth in water 


superheated water at various pressures 
\ppendix it is demonstrated that for 


small supe rheats), — 28%. whence 


AT 
| Cy 


| 2AT | 
lpg L eg) AT 


_~ 


For larger Ba good approximation 3) 


j 


(48) 


ad Py (se Appendix) in this case 
( AT 
P Cy CG mi? 
\ 


~ 


0, w 
(*) AT y(pre,k@) | 
\pe (Cy, Ca) AT | 


l (50) 


Similar CXpressions have been proposed by 
Piesser and Zwick [18, 26] and Forster and 


Ziner [6, 11] as approximate solutions for the 


entire range of 
that equation (49) Is an accurat approximation 


From Fig. 1 and 2 it is seen 


only when pe < p, and the dimensionless super 
heat c, AT L is sufliciently large. 

If there is no change in density accompanying 
phase transition, Le., pg p, 1 and 0, 
there is no convective motion in the system and 


the solution simplifies to 


erfe(s) 


{ erf (8)}] (52) 


This result is essentially the same as that obtained 


by Frank [8] and Zener [24]. 


Growtn CONTROLLED by Heat 
Mass TRANSFER 
The treatment of the prece ding section is easily 
extended to the growth of a vapour bubble in a 
binary solution. In addition to the set of equations 
considered there, the growth is also governed by 
equations (17), (21), (23), (24), (31), (33) and (35). 
In terms of dimensionless temperature, concen- 


tration, and parameters, these become 


Rt, (53) 


Kit 
0 

wrt (R, 0)| 

er? R? Re, 

[ng w we (R, 0) | 

c(R,@) = pt(R,@) pr 


wi 1 + ¢(R, @)) 


i= 


Particular solutions are obtained in the same 


manner as above ; thus 


¢ 

> 23 

> 

wvd (e, B) 


2e da (61) 
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t= (€ + wr) [y/( 7) — | (51) 
V4 (0. 8) 
QUATION (49). 
Y 
sf 
SUPERHEAT, JT, 
Im the 
PG L 55 
2| (55) 
(56) 
( 
(59) 
1 (49) 
B 0, w 
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m 
9\393 


wd AD) 


exp (A*6* 


exp | 


surface concentration ts 


c(R, @) (mn w) AB): AB) 


AB) 
(63) 
Ab) 


wed 


leads to a 


This 


quadratic equation for vapour composition m: 


result, with equation (60), 


m* wl (1 x.) m (x, wus) 


w (1 z,) (1 w wy) 0 (64) 


These equations imply that vapour composition 
and surface concentration and temperature remain 
constant throughout the growth process. 

The growth constant 8 is evaluated by means of 


equation (59)* 


(w ml) d(e, AB 


B) wd (e, A} 


(€ B) 
(Oo) 
(eé, 


Actually equations (64) and (65) must be solved 


simultaneously for m and 
It is evident, by 
and (65), that the 


bubble growth is represented by the second term 


comparison of equations (46) 


influence of mass transfer on 


* The use a of a non-linear equilibrium relation in place 
of equations (31) and (59) merely results in a more unwieldy 


expression for 8 at equation (65) 


r~ | 
\ aC, L, (M,C, 


of equation (65). which can be broken down into 


two factors 


where A 


V/(K 


me 


ao RT 
( 


(mp, 


~ Mae 


\Py 


where equation (32) has been used to obtain the 
latter. 


of volatile 


As « xpected, the lower the concentration 
the the 

is the superheat 
bubble 


reduces to the 


material or mass diffusivity, 


vreate! required to attain a 


viven growth constant. Equation (65 


heat transfer-controlling case for a 


one-component for infinite 


diffusivity of the solute. 


system or mass 


From equation (65) and the limiting form of 


é(e, 8) there follows a simplification which ts 


useful for small superheats : 
AT 
(Mp, 


(dC T 


for equation (65), corresponding to which 
equation (64) Is 
(*) AT 

’ L (mp, 
(MC dT), 


Pr’ Ley 
Substituting equations (32) and (67) in equation 
time. W 


(40) for bubble radius as a function of 


obtain 


2AT 
k (mp, 


) R, 


Tce (1 x) 
CL) + 


Another set of simplified equations, useful for higher superheats, results from the approximation 


for 8B » O with pe < p,. 


AT 


p,)[L CL (mp, 


/ \ | AT 
y = | 
AL \(pe pr) Cy (mp, 


i.e., from d(e, 8) = \/ (7/3) B: 


QC dT), 


| 
(AK /Z) (dC 


In this case we have for bubble radius as a function of time 


l 
1 — wh (e, AB 
(WC/dT)y 
2(1 x) 
M, 7 : (1 xl \ 
0 
9 
56-0 (07) 
( ) A | \ 
4 
6S 
| ] 5 
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AT V(px 


3 
al) 


C_L,[M, C. 


Equations (70-(72) are valid neither at high 
pressures where the vapour density is no longer 
small compared with the density, nor at extremely 
high superheats. 


A 


Fic. 3. Bubble growth in water ethylene glycol solutions 


at latm. Equations (32) and (70 


Figure 3 shows the dependence of the growth 
constant on liquid composition fora representative 
system, water-ethylene glycol, at atmospheric 
pressure. Fig. 3 is based on the above set of 
simplified equations and on equation (32). Water 
ethylene glycol mixtures display very nearly 
ideal solution behaviour over their atmospheric 
boiling range, 100 to 197°C. The latent heats are 
about 540 and 225cal/g, and the molecular 
weights are 18 and 62, respectively. 

If one component of the binary mixture is 


non-volatile, say component 2, a further simpli- 


fication can be made since the bubble then 


(p, — MJ 
contains only component 1, m = 1 (« = 0), and 
equation (64) can be dispensed with. Figure 4 


shows the dependence of the growth constant on 


liquid composition and superheat for the system, 


water-glycerol, at atmospheric pressure. For 


Fig. 4 it is assumed that the glycerol is non-volatile. 
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BUBBLE RADIUS, 


Fic. 4. Bubble growth in water—glycerol solutions at 1 atm. 


Equations (32) and (65). 


If there is no change in density accompanying 
phase transition, i.e., « = 0, the solution simplifies 
to 


j vd (0, [4/() {erfe(s) ste }] (73) 


(0, Ag) 
(wr) erfe { (As) (74) 
Ed (0, B) (1 — mf) d( 0, AB) 
l vd (0, B) (1 (0, AB) ] 


This result supersedes the less complete one 


reported by Frank [8]. 


5. CONCLUDING REMARKS 


Accurate asymptotic solutions, the first with 
radial convection accounted for, have been 
obtained for the problem of spherically symmetric 
phase growth. They apply to growth controlled 
by heat and mass transport, which is characterized 
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by uniform pressure throughout the system and by 
position of the phase boundary asymptotically 
proportional to the square root of time. The 
dependence of the proportionality constant on 
several system parameters is complicated. For 
bubble growth in pure liquids at normal pressures 
and moderate superheats, the formula of Forster 
and ZuBER [6, 11] is in fair agreement and that of 
Piesser and Zwick [18, 26] is in substantial 
agreement not only with equations (40) and (46) 
above, but also with the published experiments 
of DERGARABEDIAN (see [6, 18]) and of Faneurr 
et al. [5] with superheated water. From the new 
solutions it appears, however, that for small 
superheats and for large vapour densities the 
earlier approximate formulae are in considerable 
error ; the latter give, for example, values of the 
growth constant about 50 per cent lower for 
water superheated 0-1°C at atmospheric pressure 
or 10°C at 100 atm. In order to confirm the new 
theoretical results, measurements of bubble 
growth are needed in pure liquids at extreme 
conditions, particularly at high pressures, and 
especially in liquid mixtures, 


C, V. and C, H, Barke.ew for critical advice. 


APPENDIX 
The function ¢(«, 8) is defined in equation (46) : 


x 


8) = 26% exp (8? + | exp( — a? — 2688 da 


The change of variable y 1 Ba! leads to a form 


more convenient for numerical evaluation, 


1 
(«, 8) 267 | exp { yy? —2 ey 1}} dy 


The function can be expressed as a series, which is 


particularly convenient for small values of 8: 


a 


( 1)" (2« g2)" 
2 
B) (n+1)! * 
n=0 
Io \ (8 e® erfe) 
I, = 1 + pe™ Ei(— 8?) 
n 1 
I,=1-2 


On the dynamics of phase growth 


Aknowledgement—rThe author is indebted to 


Thus 


Limit 

B 0 8B) = 2p? — 
For large values of 8 the principal contribution to the 
integral is in the neighbourhood of x 8: hence the 
saddle point method can be used to obtain an asymptotic 


form : 


(€, B) ~ 7/3) erfe( wB/4/3)), wo = 1 — « 


42 4) 


\ useful expression results from an asymptotic expansion 
of 8): 


8B) ~ (8 — 4/9 + 0(8-4)) 


This provides a reasonably accurate approximation for 
é («, 8) provided « is not too different from unity and 8 is 


large but not too large (see Fig. 5). 


Fig. 5. The function ¢(«, 8). Equation (46). 


For a given value of « there is a broad intermediate 
range of 8 over which neither the series nor asymptotic 
representations are convenient for evaluating ¢, which 
must then be computed by numerical quadrature. Machine 
computations have been performed for values spanning 
the range of potential application ; the results are presented 


in Table 1 and Fig. 5. 


NOTATION 
(Dimensions in the MLOTH. system) 
1 constant of integration, dimensionless 
(C reduced concentration, dimensionless 
(with subscript) specific heat [HM-! 
Cc mass concentration [ML 7 
substantial derivative operator 


2 
1 3 
9,2 
‘ 4 
4 
99 
‘A 
~ 
0-75 
2 
C 
: 
11 


mass diffusivity @ 
internal energy | HM 1) 
vector body force per unit mimes 

MI 


liquid enthalpy 
vapour enthalpy 
veetor mass flux 


ML 


iy 


rate of chemical re 
thermal conductivity | HI 


rstotiless 


thermal diffusivity 
La (py Cc. 
latent heat of vaporization [HM ! 


mass fraction in vapour, dimensionless 


molecular we M (mole) 
Mi, ! 


of racial stress 


MIL! 


partial pressure of inert gas 


ML 


racial component 


volatiles 


partial pressure of 
ambient pressure 
Vapour pressure 
veetor energy 

heat generation per unit volume /Til 
radial co-ordinate 
bubble | 


dimmer stontless co-ordinate 


mas Cofmstant himoley * 


2, (KO) 


cline nsiontless 


recltuced te mperature 


temperature iT) 

ia! 
vapour internal energy | HIM 
ia! 


radial velocity 
1} 


vector velocity 


SCRIVEN 


ve Pe P, relative volatility, dimensionless 


growth constant, dimensionless 
coefiicient, dimensionless 


val 


activity 


climvensiontess 
dimensionless 
kinematic [L2 
time co-ordinate 
\ (AK 


dimensionless 
climenstontless 
T 


Mi 


pressure tetisadr 


MI. 


clemsits 


surface tension 


- 


function defined by equation (46) 


function defined bry dimensionless 


eqquation 
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ripets 


imitial 


larye 


value at 
value at 
sat value at saturation 
G = gus 
liquid 
solute 
2 solvent 


Overbar indicates a muss average 
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The frequency response of some illustrative models of porous media 


Experiments and computations with two artificial packed beds 
to illustrate a method of determining parameters of the bed 


G. A. TurNER 


Chemical Engineering Department, College of Science and Technology, and the University, Manchester 
(Received 23 May 1958) 


Abstract——-This paper amplifies and extends a previeus one in which a method was put 
forward of determining the flow structure or physical structure of any given packed bed or 
porous solid. 


The measured harmonic response of physical models similar to the postulated ones is 
reported ; as an illustration of the method, these results are used for the calculation of a distribu- 
tion of some appropriate parameter of the (artificial) bed.. The calculated quantities were 


reasonably close to the actual ones 


The demands and the limitations of the method are pointed out. 


Résumé— Dans un article précéedent lauteur a donné une méthod pour la détermination du mode 
d@écoulment, ou la structure physique d'un garnissage quelconque ou d'un solide poreux. 


Il a mesuré la réponse harmonique de modéles physiques analogues a ceux du ler article. Afin 
@illustrer la méthode lauteur utilise ces résultats pour le calcul de la répartition de paramétres 
appropriés au lit artificiel de garnissage. Les valeurs calculées concordent assez bien avec les 


valeurs réeells 


Exigences et restrictions de la méthode sont mises en évidence. 


Zusammenfassung Diese Arbeit ist die Fortsetzung und Erweiterung einer friiheren [1], in 
der cine Methode mitgeteilt war, um das Strémungs oder das physikalische Verhalten eines 


gegebenen Festbettes oder porésen Korpers zu bestimmen 


Das gemessene harmonische Verhalten physikalischer Modelle, die den verlangten Abhnlich 
sind, wird beschrieben ; zur Illustration der Methode werden Verteilungen einiger geeigneter 
Parameter des (kiinstlichen) Bettes berechnet. Die berechneten Grossen stimmen verniinftig mit 


den wirklichen tberein 


Voraussetzungen und Grenzen der Methode werden diskutiert 


INTRODUCTION respectively. The roots can be calculated if the 
IN an earlier paper [1] a method is given whereby coefficients of the equations are known; this 


the flow structure or physical structure of a  P@Pet describes a method of obtaining these 


packed bed or porous medium may be analysed coetlicients — by trial — and, by way of illustration, 


in terms of models chosen to be representative otes the results obtained by experiments on 


of the bed and to allow mathematical analvsis Physical models which closely resembled the 


of their frequency response. Linear simultaneous Postulated ones. 
equations have to be solved, whose roots give the 
distribution by volume of some parameter of the THe Corrricients*® 

bed ; the parameters of the two models of [1] In [1] the linear simultaneous equations 
were depth of pocket and length of channel (19.1) to (19.n), relating to model 1, are 


*Symbols are explained in [1 }. 
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coupled with the statement that “the values 
of 8, corresponding to lL, (r 1....”) may be 
found by setting up the determinants of the 
coeflicients.”” This is of course true, but pre- 
supposes that the coeflicients, and hence values 
of 1, be known. The latter may be found, 
directly if the geometry of the system be known, 
or by a method, to be described, which enables 
values of |, to be chosen such that at least a 
rough picture of the distribution is provided. 
The following argument, involving 8, will also 


apply to the equations associated with model 


2 of ref. [1] involving ¢, viz. 2 », = both 


8 and ¢ are ratios of volumes. 

Let it be desired to find values of the distribu- 
tion 8 of some property of the bed defined by a 
length 
channel in models 1 or 2 respectively. If r ranges 


r? 


from 1 to n then the 2n quantities /,, 8, require 


2n equations all told, i.e., 
Q fa) 
R 
Pi T T Dann Pn Fen: (1.2n) 
in each of which the constant term yp Is known 
(experimentally) at any given value of the angular 


Neither » nor § is known in any 


(@;, 


are such that the choosing of n values of 1, to put 


frequency 


of these equations but the coefficients 


numerical values on ,, to »,,, Will also put numeri- 


/in 
cal values on the rest of the coefficients » for the 
particular values of w, already stipulated ; that is 
fo, l) then 


The numerical values of » are calculated from an- 


to say since 7 Nir 
alytical response functions exemplified in [1]. 
Now a condition that n roots can be found for 
8,... 8, is given by the eliminant: if the first n 
equations are taken and combined with the 
(n + 1) th, (m + 2)th.. 


then altogether n independent eliminants exist, 


, 2nth equation in turn 


which means that » relations can be written down, 
each involving the coefficients and the constant 
terms of the first » equations together with the 
coefficients and the constant term of one of the 
remaining equations (numbered n +1 to 2n). 
All the p's are known experimentally, and if n 
values of l, are chosen then all the ;,(j7 = 1...2n 
:r == 1...) may be calculated ; the problem is 


namely depth of pocket or length of 


“to choose values of 1, which allow these n eli- 
minants to be satisfied simultaneously. In the 
examples given in [1], the relationship between 
the coetlicients Nin constant) Is 
such that the choice must be made by trial and 
error. 

The total relative volume may be found 
independently of the above computation. For 
model 2 the total voidage é a «, and can be 
measured with more or less accuracy, For model 
1p > 8. and is the ratio of the total volume of 
pockets to the total volume of the channels. 
The volume of the channels may be found either 
by one of the methods mentioned in [1] p. 162 
or, if apparatus for generating and measuring 
impulsive inputs of concentration is available, 
by arranging conditions in the channel so that 
flow is laminar and the effect of diffusion is small 
(the pockets then have little effect on the distri- 
bution of concentration) and using an impulse. 
If ¢ is the time at which the output concentration 
falls to half its maximum value (see TayLor [4}), 
when the volumetric flow-rate is V, the total 
volume of the channels is given by Vt and the 
total volume of the pockets (for this flow regime) 
is given by the difference between this volume 
and the total void volume. 

The above physical condition can be written in 
place of (say) the nth equation so that set of 


equations becomes 


(2.1) 


ani Pn Hen (2.2) 


and the eliminant is simplified somewhat, 


becoming 


As 


711 


"pi 


fe) 
“Paw *** Tin Pn M4 
Nn 11 Dy "In “Inn (2.n l ) 
By 4 B., B (2.n) 
™n-11 0(p (n + 1) 
| Non Hy 
B 
15 
| 


ds. 


\ further 
which will not. in general. be consistent with the 
the 


to experimental errors in yp 


value Will yield an equation 


previous equations ; inconsistency will be 


most probably due 
and cannot be used to disprove the assumption 


of exactly » values of 1. (For a discussion of the 


simultaneous equations met with in an expert- 


mental science see, for ¢ xample, LANCzos [8]). 


If » becomes infinite there arises the integral 


equation Sil) n tl w')dl u(w). where B (1) 


length 
(/. w ) 


volume of 


hdl) and (/ 


is the relative pockets ofl 


hetween (/ hdl) and 
(2lw') 2lw’. 

To test the method physical models resembling 
the postulated ones were made ; their dimensions 
were known, but the method was applied as if it 
were require d to determine them exp rimentally. 
The results are reported below, 

KX PERIMENTAI 
[pparatus 
Kerosene containing nitrobenzene in sinusoidal 
through the 
that the 


all conditions specitied else- 


concentration flowed steadily model 


test. at such a rate flow 


that 


under was 


lamimar and 


whe re were satisfied. Analysis of cones ntration 


was by the change in dielectric constant. 
The liquid flowed through inlet and outlet cells. of | in 


bore tube, 2) in. long, having a central insulated electrode 


The change 
recorded I'he 


concentration 


in capacitance wos measured and 


meter reading varied linearly with all 


ibove 8 per cent (wow) and both bridges 


vave the same meter reading for the san neoentration : 


the recorded values were thus used as direct measures of 


the concentration The sinusoidal concer ithon was 


venerated by suspending two similar capillary tubes ( 


one at ch end, from 
(Fig 1) 
bottles A 


through its connected 


i beam D pivoted at its centre 
Marriotte 
containing solutions of different concentrations, 
tube B 
The beam was rocked about its central shaft by a crank | 


Liquid flowed from each of tw 


ipillary via a flexibk 


nnected to it 
so that the head of each liquid 


(driven by a synchronous electric motor), « 


by a long connecting rod F 


varied sinusoidally By means of the Hagen-Poiseuill 


law and the in easily 


that 


ssumption of constant viscosity it « 
this device, the total flow-rate is 
constant and that the 
Thus it 


method whereby 


be shown with 


output concentration ts truly 


sinusoidal contrasts in both respects with the 


a solution is injected at a sinusoidally 


TURNER 


varving rate into a steady stream of liquid, a method which 
produces harmonics. Furthermore, concentrated solutions 


are not required by the generator used in this work 


Fig. 1. 


Sine-wave generator. 


(dimensions below) and 


The physical models (1). channel 


was a 


rectangular slit 
blind 
different depths, communicated with it along its 


narrow 


rows of holes, 4, in. diam. and of three 


length, as shown in Fig. 5. 


(2). Two identical headers were coupled to 


there 


and 


precision-bore glass capillary-tubes ; were 
different 


different lengths of tube for each diameter. 


two tube diameters in all three 


( b) Procedure 


Since these experiments were considered to be explora 
tory no special effort was made to keep the temperature 
constant , in any case, the temperature-dependence of 
the dielectric constant of these solutions was small — much 


less than that of electrolytic conductivity, for exampk 


When 
was kept constant and measured by measuring- 
The 


measured at a 


either model was in use the flow-rat: 


vessel and stop-watch. attenuation and 


phase angle were number of 
different freque Nncies, 

The portion of the total responst which was 
due to heack rs and measuring lls was found. 
The cells (model 1) or headers and cells (model 2) 
were detached from the appropriate system and 
connected together by short tubes : their responses 
were found at the same frequencies and flow-rates 


as obtained in the main experiments. 


The system is linear and hence the response of the whole 


is the product of the responses of its parts ; the fact that 
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the transfer functions are complex means that the magni- 
tude of the resulting transfer function is the 
those of its parts and that its phase-angle is the sum of 
Hence, if EF is a 


a phase-angle (subscripts identifying 


those of its parts. ratio of (absolute) 
amplitudes and ¢ 


the component, as in Fig. 2), 
= EF, Ey Ey 


Ep = E, Es. 


E 
Ep 


Therefore 


Again, o4 


Therefore 


Hecter; stern 


Fic. 2. Method of correcting for response of headers 
cells. 


(1) Complete system 


(2) Headers and cells connected together 


rod 
u 


sec 


Fic. 3. Response curves of model 1, 


pre nduct of 


Measured and corrected values of amplitude 


ratio and phase-angle are given in Figs. 3 and 4. 


Fic. 4. Response curves of model 2 


CALCULATIONS 


For 


in the 


model 1 the 


narrow channel must be « 


effective longitudinal diffusivity D 


tleulated An expression 


for this may be obtained in a way based on the method 


reported by Tayvor [2] in dealing with flow in a circular 


‘ ipillars the exactly the 


The 


equations are of same ftorm, 


only numerical quantities being different. expression 


Is 
» 
D 
105) 


where 


channel, D mo 


defined in Fig. 5: 


average velocity in the 


diffusivity and 2b provided 


where / is the length of channel containing the change in 
concentration, 

The above analysis is based on the assumption that the 
channel is the that 


flat 


velocity distribution in the same as 


infinitely wick This is nearly 


the 
(quoting Cornisu) be used, it is found that, ba being 


between two plates 


true here, for, if expression given by ALLEN [3 


rrected 
; 8 curve 
~ 
- 4 
= 
~ 
Eada 
ry T 
b b re) mplete 
0,0 = - 
x 0c sec 
— 
- 
~ : 
% M Je 
mplete 
< tern . 
| 
b 
rnpiete 
4} 
4c 50 6C 80 
~ 
17 
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Fic. 5. Constructional details of model 1 


3 
equal to 45, —° ors | ) whilst for infinite flat plates 
U 2 


and 
U Uo 
and U 
I velocity at distance 
Again, the theory 
be uniform across the channel, normal to the 


1 - 4 where maximum 
b 


velocity mean velocity in the channel, and 


y from the long axis (Fig. 5). 
concentration 


Diffu 
5) will make it so if condition 


postulates that the 
flow. 
sion in the } direction (Pig 
(3) holds ; it 
uniform in the a direction 


(Fig. 


is necessary to find whether it is reasonably 
It is assumed that area ef gh 
If the 
of Tayior [4] be applied it is found that the time 
for the concentration at 4 0 to fall by half 
is given by ¢, erf 1/2, (Dt/h?) 
provided that 2 \/(Dt/h®) <3. Hence ¢ = 1-09 h?/D. 
Now the conditions desired (cf. TayLor) is that the time of 


to seale) has concentration Cy, at f 0. 
logic 
necessary 


its value such that 


f, is less than the time in which effects of convective 
that is 
tion would change due to its flow down the channel and it 


Thus 


decay 
transport appear ; the time in which the concentra- 
seems logical to take this as half the cycle-time, T. 
to approximate to the 


the condition for the actual case 

postulated one is that 7 2 (1-00 . ). Derived from 
D 


numerical quantities, the condition is that T 2-14 hr, 


Fic. 6. Cross-section of model 1 (to seale). 


and this was satisfied in the experiments but only by a 
small margin. 

Another condition to be satisfied for model 1 is that 
2w‘l < 10, otherwise the sine-waves do not penetrate to 
the bottom of the pocket [5] [6]. 

It is necessary to find lengths and radii of tubes for 
model 2 which allow the effective longitudinal diffusivity 
to be calculated by Tayior’s treatment [2]. They can 
be found by using the conditions stipulated in that paper, 
with the Fig. 3 of 
KRAMERS and this refers to flow 
diffusion but it give the order of 
It is that, for EB O8 (say), L/U 1-8/w. 
conditions involve a length of tube “ in which the greater 


together condition obtained from 


ALBERDA [7] without 


should magnitude. 

TAYLOR'S 
part of the change in concentration takes place.’ Here 
this length is identified with half a wavelength (= 22 U /w) 
If ratios of 10:1 in TayLor’s inequalities and 1:1 in the 
condition derived from Kramers and ALBERDA be used and 
if the Hagen-Poiseuille law be introduced then elimination 


of w gives the conditions 
(gp, 552 D) 


A convenient value of p and appropriate values for the 


other variables enable the limits of length for a given 


value of the radius to be found. 


RESULTS 


For both models; 
eight) 


1-323 cp, D (mean of 
10-* sec, p = 0-822 gm /cm'. 


Model 1. 


In order that (2) may be used to calculate the effective 
longitudinal diffusivity, the inequalities given by (3) must 
Here the 
U >92 10-3 em /sec, corresponding to V > 6 em®/hr. 
In the 33cm at the 
highest frequency used. 


be satisfied. conditions are / 


L 27-94 em, 2a 2-8575 cm, 2b 


6cem hr, D = 4-045 


0-0635 cm, 
V (measured) 10-* cm? 


sec, 8 00-8716. 


S*+F*\ (s*—F* 


from equations (17) and (18) in [1] that 


ye (In 


Substitution of the above quantities gives the 


Since F* | ) it follows 


-2(U/2D) In EL 


(¢,/L)* 


results in Table 1. 


~ 
= 7 > 
= 7 
- 4 : 
<a > 
slot 
959 
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Table 1. 


(Q/e) 


0-3469 
0-3202 
(2741 


Calculations 
The four equations 
0-3469 — (Q/o),, 
0-3207 = (Q/e)., B 
0-2741 = (Q/a)s, 


O-S8716 Bo, 


containing two unknown relative volumes (8, and 
B,), can be written down, Elimination of 8, and 
8, from (12) and two at a time from equations 
(11) gives 


[0-398 — (Q/e),.]/[ 0-367 13) 


[0-398 — (Q/c),.]/[0-315 — (Q ling 
(Q [(Q 7)31 (Q 


Oo Os 


(15 
1-291 


Also, o, 
The relationship between (Q/o),, and (Q/ce),» 
is shown by line A, and the relationship between 
(Q/o),, and (Q a),, by line B, in Fig. 7. Shown 
also are typical eliminants, obtained by putting 
trial values of (Q/c),, (and hence of (Q/c),,) into 
(13) and (14). The intersection of the related 
two curves gives the roots. By trial [and by 
using (15)], values of (Q/o)iy and (Q Were 
found which satisfied (13) — these are shown by 
line 1 in Fig. 7 (inset). Also, values of (Q/c),, 
and (Q/o),. were found which satisfied (14) ; 
these are shown by line 2 in Fig. 7 (inset). 
These lines intersect at (Q/c),, 0-395 ; 
0-414, corresponding to o, 2-70; 
o, = 2-40. Hence, by using the fact that 
2w’ 13-2 and by substitution in (11), the 


measured values were found to be those of Table 2. 


Model 1: relations between coefficients. 


Table 2. 


Relative volume (em? em*) Depth of pocket (em) 


0-158 0-182 


O-754 0-204 
0-872 Total 
whilst the actual values are : 
O-1506 


O-21835 


0-6957 Total 


Table 


w L cos 
rad sec 104 0 
10° 


04670 


00-2697 


Mode l 2. 


Volume of “ pore-space”’ (by calculation) : 


12-86l1cem*; p(mean): 0-1805 dynes/cm?; 
17cm*/hr; & = 8 (for c.g.s. units). 
From this there arises the values 


of 


cos ¢ given in Table 3 (values 


corrected for effect of headers). 


Calculations 


(Here ¢ stands for a volume and not for 
voidage as it does in ref. [1)}). 


a 


: 
a 
ay 
= 
J 
1 3-491 13-20 : 
2 1364 14-76 
3 58185 17-06 
1 + (Q/o)s2 Be, 
OL. 1 + (Q/e)s2 Bo: — 
10 
2 
1-270 
| 
1-4 
2°3 
5 24 
| 
19 
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The equations 


12-861 (15) 


00-2607 


can be written down (> factor ol 


10°). 


incorporates a 
may bn 
For both. 
ilues of 
kor 


nals ani 


Two independent eliuminants 
formed from equations (15) and (16 

values of » were calculated for various 
and below 


(see equation (36) of ref. {1 


any parti ular values of R and / 
the / ml 


Similar 


re lationships between 


Fig. 


ure shown in uryves 


wer 


drawn for », and and and 


and ». 


Model 2 relations between umd 


lengths of tubes 


By trial, the values of 1, and 1, wer 
the 


chosen so 


as to enabl cliimmants to be 


the 


satistied : 


which satisfy one elim 


nant ar 


shown by line 1 in Fig S (inset oclliorents 


which satisfy the other bv line 2 Dhea point of 


intersection gives the only coeflicient 


both 


satisiving 
sumultancously are 
From | 


the values of i, and» 


eliminants 


M11 0-20, mor and 


rsus 


From the 


were found. 


corresponding graph ofl and "21 


versus /, (not reproduced) the values of 1, and 
From the 


and the 


Neo, Were similarly found, knowledge 


otf the values ot + 


321° 115 
taneous equations (16) were 


simul 


solved for , and €.. 


The values thus found of J,, «, and /,, «& are 


given in Table 4. 


Table 4. 


Radius Lenath I Total volumes 


fem) 

aoe 


assured 


The numerical values 


of the con ffir ints 


The tedium of the caleulations may be reduced by suitalblh 


The ‘ 
veneral, to be « 


burt im the 


wllicrents ippertaiming to model 2 


ure in tleulated frost 
ref 


It follows 


equation (36) of 
iz Dy 


it the exponential 


present ex 


from the binomial theorem 


term approximates to 


exp (MPs 12 DP) & [1 — (MP 8) (@/12 


amd that the cosine term 


ipproxtimates to 


os 2R*) (NM) 


Dis< SSION 


kor both models the calculated values of the 


parameters were in the region of the actual values. 
It could not be hoped, when using the existing 


apparatus, to get them closer to another. 
Th 
found that the 


influenced by 


agreement mav be fortuitous for it was 


calculated values were appre ciably 


variations in that small 


errors, especially im the amplitude ratios and 


phrase angles, have a large effect. The number of 


Significant figures in the caleulations 


was for the purpose of getting out an answer 


the measurements did not merit this apparent 
The 


(although 


degree of accuracy. trial-and-error calcula 


tions were laborious experience has 


reduced the effort) and, for this reason and becaus« 


ay 
> 
| 
’ > 6) 
> 
$122 
4 VOL, 
_ 
>» 
| 
= 
x 
20 ee 


The frequency response of some illustrative models of porous media 


the accuracy of the measurements was suspect, 


only two values of the appropriate parameter 


were found for each model. Further values 


could have been calculated if each one were 


based on a preceding and rougher—approxima- 
tion. It that the 


fre quency Was 


highest 
high to 
full 
may explain 
depths of the 


was realised later 


used for model 1 too 


allow penetration of the sine-wave into the 
depth of the this 


the low 


large! ts: 


values obtained for the 


pockets. 


CONCLI 


sSrONS 


The method suggested in ref. [1], and ampliti« al 


here in its details, appears abl to give information 
which would be difficult or impossible to obtain in 


any other way. For this information to be valid 


it is necessary for measurements of some of the 


variables to be made to within 0-1 per cent; 


others are less exacting. The relative unportance of 


the variables might best be found from acalculation 


which used estimated values of sullicient para- 


meters to vield the harmonic re sponse. 


The computational labour might be reduced by 


graphical solutions on large scale graphs, or by 


using a computer. Thought is being given to the 
design of an analogue computer for this purpose. 

In practice the greatest use of the method 
may be for comparative purposes, because 
results will be in terms of simplified models and 
difficult 


the effect of the headers on a piece of industrial 


also because it might be to correct for 


equipment as was done in these experiments. 
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vreatest assistance The « ipacitance meter and recorder 
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capillary 
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NOTATION 
ratio of (absolute) amplitudes 
function 
evele time 
total volume 


Remainder of the symbols as in ref. {1}. 
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Abstract —In this paper the 


On heat transfer between vapour bubbles in motion and the boiling 
liquid from which they are generated 
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1058) 


chanism of heat transfer between a boiling liquid and vapour 


bubbles in motion is discussed. Farrz’ and ENper’s experimental results regarding this problem 


are interpreted 


Résumé— Lo auteur discute dans cet article le mécanisme de transfert de chaleur entre un liquide 


en ébullition et les bulles de vam 


Frairz et ENDE concernant c« probleme 


Zusammenfassung In dieser Arbeit wird der Mechanismus der Wirmeiibertragung zwischen 


iren mouvement. Il interpréte les résultats expérimentaux de 


einer siedenden Flissigkeit und sich bewegenden Dampfblasen behandelt Die Versuchsergebnisse 


EXPERIMENTAL research concerning the boiling 
of water in conditions of free convection leads, 
among others, to the following conclusions 
[1], [2], [3]: 

a) The liquid Is SUp rheated and the vapours 
have the saturation temperature. 

(b) The greatest part of the heat quantity 
given to the system is taken directly by the 
liquid and transmitted by evaporation to the 
vapour bubbles. 

From these experimental facts one may 
conclude that the greatest part of the heat ts 
transmitted directly to the liquid which, due to 
superheating by an amount Af, transmits it to 
the surface of the bubbles. 

The aim of this paper is to analyse the 
mechanism of the heat transmission from the 
liquid to the moving bubbles, and to interpret 
Fritz and ENDErE’s experimental! results 
regarding this problem. 
bubble 


originate in a saturated liquid. Boiling begins 


{vapour cannot spontaneously 
if there exists finite curvatures (for example, 
those of the surface irregularities) on the heating 


surface and at a superheating Al’ of the liquid 


given by 


von Farrz und Enpe zu dieser Frage werden interpretiert 


where 


Ap = (2) 
and 
(“?) Jr, 


(3) 
T, 1 /y’) 


Here o is the surface tension of the liqnuid with 
respect to the vapour, R the bubble radius, y’ 


the specific gravity of the liquid, y” the specific 
gravity of the vapours, r, the latent vaporization 
heat, 7, the saturation temperature in “K and J 
the mechanical equivalent of heat. 

A given irregularity of the heating surface, 
characterized by a linear dimension l, can become 
an active centre if the superheating At of the 
liquid in the vicinity of the surface is sufficiently 


large, so that 


l (4) 


Let it be considered that on the heating surface 
which, for the case analysed is horizontal, there 
exists such active centres. On them, vapour 
bubbles will form, which detach themselves when 
the diameter of a sphere having the same volume 
as the bubble becomes equal to D,. 


1/2 
D, = 0-02 0 =) (5) 


Y 
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4 
dt 
At’ ~ Ap — (1) 
ae 


Here @’ represents the contact angle between 
the bubble and the solid surface when the bubble 
detaches itself from the solid surface. 

In this paper, the mechanism of heat transfer 
between the bubble and the liquid will be analysed, 
starting with the moment when the bubble 
detaches itself from the active centre. 


MECHANISM OF Heat TRANSFER 
BETWEEN A LIQUID AND BUBBLES IN 
MorTioN 


The mechanism of heat transfer between a 
liquid and bubbles in motion will depend, in the 
first place, on the possibility to consider or not, 
that the bubbles behave like independent bubbles, 
therefore, on whether it may be considered that 
both the motion of the bubble and that of the 
liquid are, or are not, affected by the surrounding 
bubbles. What is meant by practically indepen- 
dent bubbles may be specified by comparing the 
distance L between the centres of two consecutive 
bubbles, with the distance L’ from the centre of 
an independent bubble to the spot where the 
velocity of the liquid is a_ sufliciently small 
fraction of the velocity of the bubble. Denoting 
by f the frequency by which bubbles are generated 
on an active centre, and by U the velocity of the 
bubble (considered as being practically constant), 
there results that L U/f. The distance L’ will 
be estimated with the help of the expression valid 
for the case of a potential flow (this may be done 
on account of the fact that fairly large distances 
from the bubble surface are involved) which, 
for the case of a spherical bubble, is of the form* 


bl <(F) 


r being the distance to the centre of the bubble. 
By putting r = 3R one obtains for the velocity 
v of the liquid v = — U, therefore a relatively 
~ or 
*In the case of a bubble moving in a pure liquid and 
for Reynolds’ numbers of the order of 10°, the separation 
of the liquid from the bubble occurs at points very near 
to the rear stagnation point [6]. The wake behind the 
bubble is practically non-existent. A discussion regard- 
ing the validity—for this case—of the assumption of po- 
tential flow, even in the vicinity of the bubble, is given 


in Section 1. 
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small fraction of U. The bubbles may be con- 


sidered as being practically independent if 
L>2L' = 6R. (6) 


Condition (6) must be fulfilled on the vertical. 
In order that it be possible to consider the 
bubbles as being independent, condition (6) must 
be completed by a condition, valid this time on the 
horizontal, namely, that the distance between the 
active centres be sufliciently large. 

1. Let one consider in the first place, the case 
of an independent bubble. The mechanism of the 
heat transfer between the liquid and the bubble 
depends essentially on the value of the Rey nolds 

2RU 2RU 
number | Up 1600-1800, 
experience shows that the gas bubbles maintain 
an almost spherical shape and have a rectilinear 
motion, whereas for larger Reynolds’ numbers 
the bubbles deform themselves to a greater extent, 
they begin to vibrate, and their rectilinear ascen- 
sion is replaced by a spiral ascension {6}. 

Let those bubbles be considered, which have 
sulliciently small Reynolds number to permit 
their shape to be spherical. On such a bubble, 
a liquid layer forms, in which the temperature 
T of the liquid satisfies the equation [6] 

(7) 


+ v, 


or r 0 r? 


Ve 
or 


or 


r being the distance to the centre of the bubble, 
@, the angle of the vector radius with the vertical 
(the latter pointing upwards), v, and vy, the 
components of the liquid velocity with respect to 
the centre of the bubble, a, the thermal diffusivity 
and ¢t, the time, measured from the moment of 
detachment from the active centre. The first 
term in the left member of the equation appears 
especiallyt on account of the fact that the radius 
R of the bubble grows as the bubble rises, and 
this affects both the velocity and the temperature 
distribution. If, however, the rate of increase 
of the radius of the bubble is sufficiently low in 
comparison to the velocity of the bubble, one 
may proceed as if R were constant (therefore 


+The time is very short in which the stationary state 
of the liquid flow on a constant radius bubble is realized. 


te 
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the first term of the left member of equation (7) 


may be neglected and, especially, one may 


proceed as if the bubble surface constituted a 


fixed boundary and not a moving boundary). 


An additional approximation will be made in 


connection with equation (7), namely, the right 


member will be expressed by a Since 


AT 
is of the 


207 
and of 
r oO 
2AT 
(R 
R 5 (it shall be shown later that this condition 
Péclet’s (Pe) is 
larger than unity). 
kor Re 
bubble to 


the ve locity componm nts 7 


same order of magnitude as 


\r2 


the order of magnituck 


Sari 


this approximation is possible if 


is satisfied if number much 
but not quite large enough for the 


begin deforming itself appreciably, 


and t will by approxt- 
mated hy the expressions valid for an ideal fluid. 
The only argument in support of this ipproxima- 
tion ts the fact that, in opposition to the case of a 
the 


to zero in 


solid sphe re, the tangential component of 


velocity at the interface is not equa 


the aun of a sph rical bubble » = condition which 
is also fulfilled by the tangential component of the 
fluid. Since Re 1 the 

actual and the 


fluid Is creat (6). 


velocity of an ideal 
velo ty 


not ton 


difference between the 


velocity of an ideal 


Ihe velocity components v, and v, of an ideal 


fluid are given by the expressions 


81 cos @ 


(8°) 


U sin @. 


(9°) 


The boundary conditions for the temperature 
T are 


for r (10) 


T T, for r R. 
v,d7T v,dT 
Since for 1 - 
R r 0 R dO 
above mentioned approximations, 


(11) 


by using the 


equation (7) 
becomes 
31 cos @ sin @ a 
2R M0 dr? 


( 


With 


become 


the 
diffusion 


these approximations problem 


analogous to the problem 
treated by Levicu (6), and the solution of equation 


(7') is therefore 


ysin’® 
24/2 UR a(? 


cos @ @) 


For the heat quantity q, transmitted in the unit 
the 


? with the vertical, one obtains 


time, on an unit surface, normal to which 


makes an angk 


; (13) 


cos | cos® @) 


\ a UR (2 

The heat quantity transmitted to the bubble 

in the unit time is therefore given by the expres- 
sion 


27 q sin dé 


For the heat transfer coefficient, defined by the 
equation 
Q hk? (T, T;). 


(15) 


one obtains 


1 
Ra) 


Equation (16) may 


(16) 


also be written in the 


form* 


A 
*By estimating 5 with the help of the expression « ’ 
Its = pel 
rere results 
R 


1 is satisfied if Pe 1. 
R 


2 and therefore the inequality 


\ 
7 T, 2 
4, ert (12) 
10 
] 9 5 9 
(T, — T;) 
(Mano 
1/R\* 
| sin @ (9) 
r 
3 
a r—R y 
24 
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It must be noted, in the first place, that the 


Pe*, (16') 


term v, of equation (7) cannot be neglected 
in comparison to the term If, nevertheless, 
r oe 


this term would be neglected and putting 
v, ~ U, it is casy to prove that equation (16°) 
is again obtained, providing a certain value would 
be chosen for the proportionality constant. 

It is also to be noted that the so-called pene- 
tration theory [7], [8], [9]. equally suggests 
(16°) to be used for Nusselt’s number and that 
KARMAN’S approximate method, recently used by 
POTTER (10) in connection with the mass transfer 
between two phase s flowing in co-current, could 
be used to solve this probl m. 

If Reynold’s number is larger than 1600-2000, 
the bubbles deform themselves to a greater extent 
and begin to vibrate. 

A computation, analogous to that used for 
the case of a sphere, is at present under study 
for a vapour bubble having the shape of an 
oblate spheroid and will be published subse 
quently. 

If the independence criterion is not satisfied 
(the active centres are nevertheless considered 
to be far enough from each other to prevent the 
chain of bubbles from influencing each other) 


but the distance between the bubbles is. still 


sufficiently large, the velocity-field influence of 


the bubbles in a chain of bubbles. originating 
from the same active centre, on one of the 
bubbles in the chain, can be estimated by making 
use of the equations valid in the case of the 
flow of an independent bubble. As a first evalua- 
tion, the influence of the more distant neigh- 
bours will be neglected and the velocity value 
which corresponds to the centre of the bubble 
will be taken as an approximation for the average 
value of the velocity induced in the liquid on the 
surface of the bubble by the two neighbouring 


bubbles. The upper bubble induces an absolute 


velocity l ; , directed in the sense of the bubble 
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motion, and the lower one, an absolute velocity 
U | “4 . also directed in the same direction. U 
L 
being the velocity of one of the bubbles in the 
chain. “These effects therefore add and give 
the liquid a velocity directed in the sense of 
R\° 
i) 


the bubble moves in the liquid with a relative 


the bubble motion, equal to 2 U | Hence 


velocity |. In order to 


bring back this case to the one previously ex- 
umined it may be considered that one has to deal 


with a quasi-independent bubble which moves in 
R 

the liquid with a velocity [ Fr 2| 4 . In 
L 


a paper in preparation concerning mass transfer 
in a liquid in the case of bubbling, the author 
will use a somewhat less approximate computa- 
tion concerning the above problem. 

2. If the bubbles can no longer be considered 
as being practically independent, that is in the 
case of a group of non independent bubbles. 
the movement of the liquid through which a 
bubble has passed does not di away before the 
arrival of the subsequent bubble and intense 
turbulent motions may appear in th liqquid, 
KISHINEVSKY and Pamritoyv [11] have used. in 
the course of their investigations regarding the 
absorption mechanism in inte nsely mixed syste mis, 
a model for which they consider that, owing to 
turbulence, the contact surface between the 
liquid and the bubble is constantly renewed, 
each volume element of liquid remaining at the 
interface for a certain short time after which it 
mixes with the bulk of the liquid. They assume 
that this volume element has a turbulent struc- 
ture with a sufliciently great turbulence diffusivity 
to make the concentrations independent of the 
distance to the interface. Based on this model 


it is easy to obtain 


¢.—, (17) 


ry being the thickness of the liquid volume element 
and +r the time it remains at the interface. It is 
to be noted that dimensional considerations permit 


to obtain expressions for a and +, and therefore, 


A 
25 : 


E. 
an equation for «; this same equation may 
however be established for « only with the help 
of dimensional considerations. 

As 


distributed 


a simplification, a group of uniformly 


bubbles having the same diameter 
will be considered. 

Taking into account the fact that the turbulence 
Is especially caused in the system by the group 
of non-independent bubbles, it is necessary that 
besides the quantities on which « is dependent 
in the case of independent bubbles, a quantity 
characterizes this 
fraction y of the 

If the mixing 
the bubble 


there should equally appear, among the quantities 


should appear which group. 


volume 
of the 


This quantity is th 
occupied by the bubbles. 


to oscillations 


liquid were also du 


x 1S dependent on, a property of the oscillating 


surface, namely, the surface tension. Since here 


the cases are considered, in which the mixing is 


ESS¢ ntially due to the group, the influence of the 
at 


be come 


latter quantity ts not important, except, most 
(it 


important for low values of 


eventually 
if the 


number for a bubble is sulliciently large to permit 


indirectly, through may 


Reynolds 


the bubble to start oscillating). 


The dimensional! analysis leads to 


Nu F (Re, Pr, y). (18) 


In sufliciently intensive turbulence conditions 


which among other things. require that y should 


have a sufficiently large value, taking into 


account the fact that the interface is not solid* 
that the heat 
essentially due to turbulence, « is not ce pendent 


and therefore transfer may be 


on the transfer quantities which have a molecular 
at 


y, for instance) and A. 


character: 7 most indirectly, 


(excepting, 


through For this limiting 
case, which gives the asymptotic behaviour of « 
one obtains, from equation (18), 


p 


y’ Cc for constant (19) 


*If active capillary substances are introduced in the 
bubbles. 
lead 
and therefore 


With 
mentioned 


liquid, they are adsorbed on the surface of the 


The adsorption on the surface of the bubbk may 
this surface to behave like a solid surface 
to the suppression of turbulence on the surface 
regard to this, the works of Lewis [12], [13], 


in [14], may be consulted. 
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Equation (19) may also be written + 


Nu ~ Pe. (19°) 


The case discussed has a limiting character 
and, for the time being, it is not possible to 
it 


A somewhat analogous limiting case 


ascertain whether can be experimentally 
realized. 
was examined by Hanpios and Baron [15], in 
connection with the mass transfer in the interior 


of an oscillating drop. Based on a model, they 
obtain an expression of the same form as equation 
(19’), the agreement with the experiment being 
satisfactory. 

Equation (19') was not established on the basis 
of a model, the only assumption which it implies 
being that the turbulence does not die out at the 
The of 
PamFILov’s model also leads to equation (19°) 


interface. use KISHINEVSKY's and 


since, on dimensional grounds, taking into 


account the intensive turbulence. one may W rite 


R 


It is to be noted that also other models may 
lead to the same result. Consider. for instance. 
that 


volume element which has come to the interface, 


a turbulent diffusion occurs in the liquid 


and that the coflicient « of turbulent diffusion is 
independent on the distance to the interface. 
If during the 
between this element and the bubble, the depth 


time - in which contact exists 
of penetration by thermal turbulent diffusivity 
is smaller than the thickness of the fluid element. 


then 


(20) 


Taking into account the 


dimensional considerations lead to the equations 


R 


~ 


intensive turbulence, 


«e~ RU, 


> 


and therefore, in the end, equation (19’) is again 


obtained. 


TIf in equation (18) there would appear also other 


Nu 
dimensionless groups one would obtain that —— is a 
%e 


function not only of y but also of these new groups. 
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DANCKWERTS [16] suggested another type of 
renewal model, still for the case of a sufficiently 
intensive mixing. According to his theory, 
turbulence renews the volume elements at the 
interface, but the element itself has a non- 
turbulent structure (in other words, the heat or 
mass transfer in this volume element has a 
molecular character). For this reason, the model 
suggested in [16] also has a limiting character, 
intensive 


being eventually valid for not too 


turbulent conditions. If the time - is sufficiently 
small so that the thermal diffusivity penetration 
depth is smaller than the thickness of the volume 
element which has come into contact with the 


bubble, then 


The time of contact between a liquid volume 
element and a bubble differs for the various ele- 
ments, for two reasons. In the first place, because 
a liquid volume element which has come into 
contact with the bubble in upper part may have a 
longer contact with it than one which, owing to a 
turbulent fluctuation, has come into contact 
with it at a lower region. In the second place, 
on account of the turbulence itself (DANCKWeERTS’ 
work [16] should be referred to in this connection). 
It can be noted, however, that this does not 
modify the form of equation (21) in which appears 
the time 7, which is not dependent on the thermal 
diffusivity a, but about which the theory gives 
no other additional information. In fact, con- 


sider as an example, that a function 4 & | & dr 
To 

may be defined, which gives the liquid-bubble 
contact surface, for which +r is comprised between 
r and +r’ +dr’. The heat transfer coeflicient 
should be considered as given by the average 
value 

a/y'c, = (4 


0 


The latter equation leads to 
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an equation which differs from equation (21) 
by the fact that, instead of the time 7 there 
appears a time 7, which, as may easily be shown, 
is proportional to the average value of 7. The 
time 7, is not dependent on the thermal! diffusivity 
a, but theory does not provide any additional 
information about it. 

With regard to the time of contact between 
a liquid element and a bubble, an information of 
an experimental nature was given by KIsHINEVSKY 
and MociaLova [17] who investigate the kinetics 
of CO, absorption through bubbling in aqueous 
Na OH solutions. 
experimental results obtained, they make use of 


For the interpretation of the 


an equation established on the basis of a renewal 
model, with the hypothesis that the mass transfer 
in each volume element which bas come into 
contact with the bubble, takes place through 
turbulent and molecular diffusion, with a total 
diffusion coeflicient which is independent of the 
distance to the interface. They reach the con- 


clusion that the time of contact satisfies the 


R 
equation + Ui and that the total diffusion 


coeflicient is approximately ten times larger than 
It should be noted 


that the value obtained for + by these researchers 


that of molecular diffusion. 


is of the same order of magnitude as the value 


used by the penetration theory for the non- 


turbulent case. Therefore, for the case of the 
experiments conducted by the above-mentioned 
researchers, the turbulence does not sensibly 
diminish the time of contact between a liquid 
element and a bubble, but introduces the turbulent 


diffusion. 


Fritz’ 
RESULTS 


INTERPRETATION OF AND 


EXPERIMENTAL 

Using a cinematographic method, Fritz and 
Enve [4] determined the volume increase of a 
bubble in motion, and they obtained for water 
16,000 keal /m*hr°C, 
This value represents an average for the six 


at 100°C an average value « 
bubbles studied. In the following, « shall be 
estimated in the first place, by using for U the 
mean value U = 0-26 m/sec, determined experi- 
mentally in [4], and for the bubble radius, the 


value at the moment of its detachment from an 


x a\}/2 
“| 
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active centre, computed with the help of « quation 
(5). 
From Frrrz’ and Exper’s experimental deter- 


minations there results that for a t mperature in 


the neighbourhood of 90 C, the mean value of 


@ is approximately 45°. By using this value for 
equation (5) leads to Dy = m. 
Inequality (16) allows to establish whether the 
bubbles having this value for D. may be considered 
as quasi-independent. Frrrz and Expr suggested 
an approximate relation between the frequency 


and the diameter, 
=~ k, 


K being a quantity which, in the experimental 
conditions used, has a value close to 95 mm sec. 
(In comparison with the experimental results 
of Fig. 9 in [4]. this value for K leads to 


f which are too large, at small diameters 


values for 
ind too 
small at large diameters. For example, for 
m there results A » 72mm sec and 
the only point of this figure, for which mention is 
made that it refers to water Vapour bubbles. has 


dD, and A 75 mm /se 


UD, 


The re 


and mequality 
written 


OR. 


In the zone near the detachment point of the 
bubble, this inequality is satisfied if A = 75 mm 
sec. It may be noted that if A ~ 95 mm sec. the 
inequality is not satisfied ; however, the difference 
between its right and left member is less than 
10 per cent of the right member valu The 
Reynolds number for D, 2-3-1051 
and this bubble is therefore near to these values 
of the Reynolds number which separate the 
bubbles that do not deform themselves from those 
that suffer a deformation. This bubble will have 
at first a spherical shape and later the shape of 
an ellipsoid. By using equation (16) one obtains 
x 17,000 keal hr C. 

The three small r bubbles (D, > |] mm) studied 
by Frirz and Enpe have at the moment of their 
detachment, and for a considerabk part ol their 


course, smaller Reynolds’ numbers and they shall 


therefore have a spheric shape during this 
interval. These bubbles have an initial radius 
R, 0-5-:10-%? m and after travelling over a 
distance of 60 mm (height of the licyuid ) the Vv have 
a radius of 1-8-10 %m (this value represents an 
average for the three smaller bubbles). 

As ascertained experimentally [6]—and a 
comparison with Frirz’ and Enpe’s « Xperinn ntal 


data do not contradict this fact for Reynolds’ 


numbers between 400 and 1600 the velocity of 


an independent bubble may be computed with 
the he Ip of an expression similar to the one valid 


for solid sphe res 


16.800 her. 


the friction factor ( having a value of about 0-6, 

The velo ity of these bubbles in the zone near 
to their detachment point is O15 m see, and 
near the free surface it is 0-28 m_. sec: the Reynolds 
numbers are therefore 450 and 8.000 r sper tively. 
The latter value of the Re \ nolds’ number exceeds 
the range in which the above equation is valid for 
{’; it may be noted, however, that the recom 


mended value [6] for the velocity U in this case, 


namely O28 — 0-3 m_ see practically coincides 
with the value obtained from equation (2: 
Kquation (16) leads to x » 19,300 keal m2? 
in the zone of detachment and to x » 14.200 
keal m®brC after the bubble has travelled over 
60mm. The mean value is 16,750 keal m* hr C. 
As the criterion of quasi ince pe ndence, it should 
be stressed that this criterion is not satisfied. 
It may, however, be noted that, in the first place, 


if a somewhat weaker criterion is used, corres 


ponding to , It is satisfied in the vicinity 


~ 10 

of the detachment point. In the vicinity of the 
free surface the bubbles have “an ¢ llipsoidal shape 
and the criterion (6) is no longer valid. On may 
however also note that, from Fig. 6 in [4], where 
the very case of bubbles having D, ~ 10-* m is 
presented, there follows that the criterion (6) 


is satistied. These facts suggested that one may 
still use equation (16), as a first approximation, 


The three larger bubbles studied by Frirz 
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and Expr have an initial diameter of 4:8 mm 
and after travelling over 60mm, a diameter of 
66mm. The values shown represent an average 
for the three bubbles. These bubbles deformed 
themselves considerably, having a still more 
irregular shape and on account of this, equation 
(16) can probably no longer be used in this case. 
If it is nevertheless used, « & 12,000 is obtained 
for the instant of detachment and « & 11,400 
after a path of 60 mm. These values are probably 
smaller than the actual one (Frrrz’ and Expt 's 
exp rimental mean values for the three larger 
bubbles are 15.800, 14,900 and 22,700 but, as 
mentioned by the authors, they are less certain 
than for the smaller bubbles) because equation 
(16) does not take into account the considerable 
and rapid deformation of the bubble. 

The cde pn ndence of the bubble diameter on the 
distance to the generation point can easily be 
obtained. This computation will be made in the 
hy poth sis that the bubbles have a spheric shape , 
that « is given by equation (16) and that for the 
velocity U, equation (22) may be used, A thermal 
balance yn rmits the following equation to be 


written 


| 


T,) 2D? (23) 
6 dt aD 


The time ¢ is considered as being measured from 
the instant of detachment from an active centre, 
Using equation (22) one obtains 


dp 


where 


By taking an average value for the superheating 
(7. one obtains by integration 
» 4 » 4 5 ) 
D dD, bt. 


da 
, equation (22) and (24) lead to 
it 


dp 8 
da 16.800 


i 


Therefor 


and the boiling liquid from which they are generated 


(25) 


Since the conditions in which equation (25) 
was established are approximate ly fulfilled in the 
case of the smaller bubbles, the value of D in this 
case will be estimated by hie Ip of equation (25) for 
! 006m. For T, T, the value 0-4 
will be considered. One obtains D 1-3-107° m, 
a value which is near to the one obtained ex 
perimentally. 

There is still an observation to be made. The 
velocity of the bubbles satisfies the equation for 
solid sphe res and this fact ts explained 18] by 
the adsorption on the bubble surface of the traces 
ot active capillar substances present in common 
water. This fact suggests that the equation valid 


for solid sphe res may be ust d for the computation 


of the heat transfer coefficient. In (3 the follow- 


ing quation is recoTnnn nae a for this case* 
Nu 0-37 Re®* (26 


This equation leads to values of « comprised 
hetween 10,500 and 8,000, these values being of 
the same order of magnitude as the ones obtained 
above. The experimental material used is too 
scaree to allow a choice to be made on its basis 


hetween equation (16) or (26). 


icknowledgements—The author is indebted to Prof 
M. B. Donaup and Mr. F. Hastam for very helpful 


suggestions. 


*In this case the independence criterion has to be estab 
lished taking into account the length of the wake behind 
the bubble. It should nevertheless be stressed that strictly 
speaking equation (26) is valid for an independent sphere. 
In the case studied above this condition may not always 


be satistied. 


NOTATIONS 


thermal diffusivity of the liquid m* her 
keal kg ¢ 
diameter of the bubble m 


Spree ific heat of the liquid 


gravitational acceleration hr* 
mechanical equivalent of heat ky keal 
distance to the centre of the bubbk m 
latent heat of vaporization keal kg 
radius of the bubble m 
saturation temperature Ix 
superheating of the liquid ( 
temperature in the liquid ( 
velocity of the bubble m hr 


| 
2 
(24) 
‘ dt 
3 292 ra (7, T.)m hr. 
| 
; D 
Sines 
R 

Mt 
T 
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velocity of the liquid m/hr surface tension kg/m 


heat transfer cocflicient keal m*hr'( hr 
specific gravity of the liquid kg /‘m* angle of the vector radius with the 
specific gravity of the vapour kg m?* vertical degrees 
friction factor contact angle degrees 


thermal conductivity of the liquid keal mhr( average on the bubble surface of the 


kinematic viscosity of the liquid ‘he 


depth of penetration by thermal 
dynamic viscosity of the liquid kghr m? diffusivity 
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Abstract.When a large quantity of heat is liberated in the absorption of gas into liquid, the 


heat liberated elevates the temperature of liquid and vaporizes a part of solvent into gas. The tem- 


perature of gas also changes through the ipparatus lherefore, in order to calculate the required 


absorption area, the variation of condition of gas through the apparatus must be known 


This paper describes the method of calculation for the absorption accompanied with heat 
is is defined in 


liberation in countercurrent-type liquid-gas contactors. Enthalpy of mixed g: 
is and solvent vapour in mixed 


terms of absorption heat, and at low concentrations of solute g 


gas the driving force of absorption is shown to be expressed in terms of a difference of modified 


enthalpy of mixed gas derived from the above-mentioned enthalpy By using the diagram of 


equilibrium conditions and the diagrams which show the relations among the enthalpy, modified 


enthalpy and temperature of mixed gas, the concentration of solute in mixed gas, the temperature 


of liquid and the concentration of solute in liquid, the change of condition of gas can be traced 


through the apparatus. The required area for the absorption can be easily calculated by this 


method without using the complicated method of successive analytical calculation 


Quand Vabsorption dun gaz par un liquide libére une grande quantité de chaleur 


Résumé 
celle-ci éléve la température du liquide et vaporise dans le gaz une partie du solvant. La tempér- 
la condition 


ature du gaz change elle aussi dans l'appareil. On doit donc connaitre la variation de 


du gaz dans celui-ci pour calculer la surface d'absorption nécessaire. Dans cet article les auteurs 


traitent les méthodes de calcul de Vabsorption lorsqu’elle est accompagnée de dégagement de 
Lenthalpie du mélange gazeux 


chaleur dans les contracteurs liquide-gaz du type contre courant 
est calculée en fonction de la chaleur d'absorption, et pour de faibles concentrations dans le mélange 


gazeux du gaz soluble et de vapeur du diluant le potentiel déchange peut s’exprimer en fonction 


dune différence d’enthalpie modifi¢e du gaz, cette enthalpie étante dérivé de Venthalpie précédente. 


Een utilisant k diagram des conditions quilibre et les diagrammie s qui montrent les relations 


entre Tenthalpie, lenthalpie modifiée et la températuré du mélange gazeux, la concentration du 


solute dans le liquide, la variation de condition du gaz dans lappareil peut étre décrite. L’aire 


nécessaire pour labsorption peut étre facilement calculée par cette méthode sans utiliser la méthode 


compliquée de calculs analytiques successifs 


Zusammenfassung Wenn bei der Absorption eines Gases in einer Fliissigkeit eine grosse 
Wirmemenge frei wird, erhOht diese Wirmemenge die Fliissigkeitstemperatur und verdampft 
Auch iindert sich die Gastemperatur innerhalb der Apparatur. 


einen Teil des Ldsemittels in das Gas 
Zur Berechnung der notwendigen Absorptionfliche muss die Anderung des Gaszustandes in der 


Apparatur bekannt sein 
Diese Arbeit behandelt die Berechnung der Absorption mit WiirmetOnung in Gegenstrom- 


geriiten mit Austausch zwischen flissiger und gasfOrmiger Phase. Die Enthalpie der Gasmischung 


ist in Termen der Absorptionswiirme definiert. Bei kleinen Konzentrationen des gelOsten Gases 


und des lésenden Dampfes in der Gasmischung kann die treibende Kraft der Absorption in Termen 


einer Differenz der modifizeirten Enthalpie der Gasmischuug ausgedriickt werden, die von der 
Bei Verwendung eines Gleichgewichtsdiagramms und 


oben erwihnten Enthalpie abgeleitet ist. 
der Diagramme fiir die Beziehungen zwischen der Enthalpie, der modifizeirten Enthalpie und der 


Temperatur der Gasmischung, kann die Konzentration des Gelésten in der Gasmischung, die 


Temperatur der Fliissigkeit und die Konzentration des Gelésten in der Fliissigkeit sowie die 
Anderung des Gaszustandes innerhalb der Apparatur verfolgt werden. Die fiir die Absorption 
notwendige Fliiche kann mit dieser Methode leicht berechnet werden ohne das komplizierte 


Verfahren der schrittweisen analytischen Berechnung. 
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InTRODI CTION 


WuHeEn 


water to 


hvdrogen chloride gas is absorbed into 
hvdrochloric acid, a large 
By this heat 


vaporizes into gas* and the temperature of acid 


produce 
quantity of heat is liberated. water 
rises. The temperature of gas also varies through 
th apparatus, 

The proce ss of absorption accompanied by heat 
above cannot be only 


liberation as mentioned 


analyse d from the standpoint of mass transfer, but 
heat 
taken into consideration. 


heat 


simultaneous and mass transfer must be 


Simultaneous and mass transfer may be 


taken into consideration by ‘ mplos ing a difference 


ol enthalpy of muxed vus as the driv ing force ina 


simple system such as air-water; modified 


enthalpy Is used as the driving lores in oon ral 


But in a 


component of on 


inert gas liquid systems complicated 


proce SS. whe re il xed vas Is 


absorbed into hiquid variables are 


countered and the above-mentioned conventional 


method is not applicabl for analysis 


new method of caleulation, by 


In this paper a 
detining ¢ nthalpy and modified enthalpy of mixed 


nre pros ike d. 


There are two types ol apparatus used in 


absorption with heat liberation. One ts an 


idiabatic 
heat 


adiabatic in which the svstem ‘ 


und the heat liberated is balanced with the 
of vaporization and the sensible heat changes of 
h external 


liquid and rus. The other 1s a wit 


cooling. in which the svstem is cooled externally 
with appropriate 
liberated and the 


isothermally. These two types are extreme cases, 


coolant to remove the heat 


absorption Is irmied out 


and the actual operation is midway between them, 


ADIABATI( ABSORPTION 


Ba sic ¢ quations 


Consider a liquid gas countercurrent absorber. 
It is assumed that 


such as a pac ked tower (Fig. 1). 


was is ol low concentration and 


and that the 


the solute m 
hich, 


tion of solute in liquid is not considerable. 


soluble change of concentra- 


In such 


* Vaporization of the solvent also occurs in absorption, 


but the vapour pressure is so low that the vaporization 


be neglected 


and N. Hasnimoro 


a case the rates of heat and mass transfer between 

liquid and gas phases may be considered to be 

film controlled. Therefore, 
the 


the interface between two phases are equal to 


the temperature 


and concentration of solute im liquid at 


those in the bulk of lnquid, 


Fic Liquid gas countercurrent absorption tower, 


balance of solute 


The 


differential contact area dA is 


material passing 


Lda Gdy (1) 


The rate of vaporization of solvent is assumed to 
be so small that it is neglected compared with the 
feed Hence L 
through the 
Taking the 


is obtained. 


solvent rate. may be constant 


tows 


heat balance in dd, equation (2) 


Lt G(Cy, dt (dy dy’’) (2) 


The enthalpy of mixture of solut solvent 


vas, 


vapour and inert gas is defined as follows. 


Cyt + Qy + y" (3) 


Cy. @ and Q” may be assumed constant for the 


ne 


system considered*, 
di Cy dt Qdy iF] dy 


* For HCl Water system at 25 C the 
of Q are oblate d 


following values of 


( om position af hydro hlori« 


acid produced (wt. 


3 
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Then equation (2) becomes 


LC,dT Gdi (4) 

The following three equations are obtained for 

the transfer rates. For the rate of transfer of 
sensible heat 

GC, dt —h,(t— T)dA (5) 


For the rate of transfer of solute 
Gdy — k(y — yi) 4A. (6) 


where the difference in the molal ratio of solute 
to inert gas is taken as the driving force. 


For the rate of vaporization of solvent 
Gdy" \dA (7) 


Substituting equations (5), (6) and (7) in equation 


(2) and equating equation (4), 
Gdi — fh, (t — T) + Qk(y — wi 
— dA 


k{(aCyt +Qy + BR y) 


(2Cy T BQ dA, (8) 
where 
h, 
i and 8 i 


The modified enthalp: of mixed gas is defined 


as equation 
(9) 
At the interface 


Qy, + BQ’ 
Qy, + (19) 


aCy t; 


Then equation (5) bo comes 

The integration of equation (11) leads to 
Gf d; 

k i’ i,” 


th 


A dA (12) 


and by this equation the required absorption area 
can be calculated. 
Generally « and § are given by the equations 


h, Sc (13), 


k Cy Pr 
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where the value of has been reported to be 
[1] oF 4 (2) 


i’ and i, are functions of t, y and y” as seen 
in equations (3) and (8). Hence, in order to 
calculate the integral of equation (12). the change 
of condition of gas must be known through the 
tower. From equations (5) and (11), equation 
(14) is obtained, 

di k Cy i; 


dt h, at T 


which gives a direction of the change of condition 
by the temperature. From equations (6) and (11). 
di i 
(15) 
dy y 
This equation shows a direction of the change of 
condition by the concentration. 

Equation (1) for the material balance of the 
solute and equation (4) for the heat balance 
express the relationship between the conditions 
of the bulk of liquid and the bulk of gas at any 
height in the tower. The relationships are €X- 
pressed by straight lines having the slopes of 


GL and LC, G, Le. 


dx G 
{ 
dy L 
and 
di LC, 
(16). 
dT G 


Equilibrium conditions at the interface between 


liquid and gas are given by the equation 
Yi = (17), 


for the concentrations of solute in gas and liquid, 


and by the equation 


yi” = fe (tide; =Se(T)2 (17) 


for the concentration of solvent vapour in gas and 
the temperature of liquid. Analytical expressions 
of equations (17), and (17), are so complicated 


that usually the relationships are shown dia- 


grammiat ically. 


— 
| 
= 
= 


2. Method of calculations 


Diagrams are empl yed to trace the change of 


condition of gas through the tower and to calculate 
the absorption area by equation (12). 

Diagram A is constructed with 7 and i’ as the 
ordinate and ¢ as the abscissa to show the relation 


between 7 or i’ and ¢t (Fig. 2). Diagram B is 


| 
4 
| 
| 


Fic. 2. Diagram A. 


Fic. 3. Diagram B. Adiabatic condition. 
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provided with i, i’ and 2 as the ordinate and y 
and T as the abscissa to show the relations 
between i or i’ and y, 2 and y, and i or @ and T 
(Fig. 3). 

It is supposed that of the conditions of gas and 
liquid at the inlet and outlet of the tower, the 
condition of gas at the inlet (i.e. at the bottom) 
Ya» the condition of liquid at the inlet 
(i.e. at the top) [x», T,| and the condition of liquid 
at the outlet (i.e. at the bottom) [a] are given, 
and L and G are known. 

Point 0, [y,, 2,] is located on the y-a plane 
of Diagram B and straight line P is drawn with 
slope of G/L through point 0,. Line P is an 
operating line for 7 ~y relation as shown by 
equation (16),. Point 0, lying on line P with the 
ordinate of a, expresses the operating condition 
at the top of tower, and yp, the abscissa of point 
0, gives the concentration of solute in mixed gas 
at the top. i,, the enthalpy of mixed gas at the 
bottom is obtained by equation (3) from the 
condition [t,, 7, is assumed, and point 
0, is located on the T 
with the assumed 7, and i,. Straight line P’ 


i plane of Diagram B 


drawn through point 0,’ with the slope of LC,/G 
is an operating line for i ~ T relation as shown 
by equation (16),, and i, the enthalpy of mixed 
gas at the top is given by point 0,’ (7'p, i) on 
line 

The change of condition of gas is traced as 
follows, starting from the condition at the bottom. 

Points A (t,, i,) and A” (t,, t,') are located on 
Diagram A, where i,’ is calculated easily from 
Yas and equation (9). Since y, and yy” 
are obtained by equations (17), and (17), respec- 
tively from the condition [2,, 7], i,’ can be 
calculated by substituting y,, and y,,"" in equation 
(10). Hence, point BY” (T,, ig’) can be located on 
Diagram A. The straight line joining points A” 
- T,), and from 
equation (14) this slope multiplied by 1/a gives a 


and B” has a slope of — /t, 


direction of the change of condition for i ~ T at 
point A. Therefore, straight line J drawn through 
point A with the slope of (1/a) (i, — i,/t, — T,) 
is a locus for the change of enthalpy of mixed gas 
with its temperature. Similarly, points A’ (y,, ¢,), 
A’ (y, i;) and B’” (y,,, i) can be located on 
Diagram B. The slope of the straight line connect- 
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ing point with point B’” is — ig'/y, — ya), 
and this slope gives a direction of the change of 
condition for i ~~ y at point A’. Hence, straight 
line I’ parallel to line A’” B’”’ 


shows the change of enthalpy of mixed gas with 


through point A’ 


the concentration of solute gas. 

Point C (t,, i.) is located on line J of Diagram A 
at an infinitesimal distance from point A, and 
corrésponding to point C, (Ye, %,) is 
located on line I’ of Diagram B. Points C and C’ 
give the condition of mixed gas at the position 


of an infinitesimal distance above the bottom 


point 


of the tower. Corresponding to point C’, points 
(Yo, and 0,’ (7',, i,) are located on the operat- 
ing lines P and P”’ respectively, and hence the 
condition of liquid are known at the position 
considered. 

Beginning at points C and C’, next conditions 
are obtained by the same method as above. 
is calculated from the condition [t,, 
at points C and C’ by equation (3), and hence 
Point C” 
(t,, 7’) is located on Diagram A corresponding to 


i,, is known by using equation (9). 


point C, and point C’” (y,, 7,') on Diagram B 
corresponding to point C’. As yi. and yj." are 
calculated from 2, and T, of points 0, and 0,’ 
by employing equations (17), and (17),, point 
D” (T,, and point (yj, can be 
located on Diagram A and Diagram B respectively 
and these two points give a condition of liquid. 
The slope of straight line C” D” multiplied by 


1/x gives the direction of the next change of 


condition of gas starting from point C, and the 
slope of straight line D’”’ 
the next change starting from point C’. The 
similar procedure is repeated until the locus 
reaches point R’ whose abscissa is yy. The ordinate 
of point R’ should be ig, the same as that of point 
0,', and if the ordinate is not i, it shows that 7, 
is assumed incorrectly. Then different value must 
be assumed for 7’, and the procedure must be 
repeated until point R’ having the abscissa of 
Yq and the ordinate of i, is obtained on the locus 
and the assumed 7’, is shown to be correct. 

In integrating equation (12) to obtain the area 
A, the values of i, i’ and i;) may be read at each 
position in the tower from the diagrams, and 


1/i’ — i; may be integrated with graphically. 


Method of calculation for the absorption accompanied with heat liberation 


gives the direction of 


ABSORPTION AT 
EXTERNAL-COOLING CONDITION 


In the case that absorption occurs in the tower 
cooled externally, the heat balance may be 
expressed by equation (18) instead of equation (4) 


LC, dT = Gdi dq (1S) 


For simplification, it is supposed that the tower 
is cooled with a considerable amount of coolant 
and the temperature of coolant is kept constant. 


The heat transfered to the coolant is given by 


dq = U,(T — T,)dA (19) 


Substituting equation (19) in equation (20), 


LC, dT = Gdi — U,(T — T.) dA 


For the rate of transfer rate of heat and mass 
between liquid and gas, the same expressions as in 
the adiabatic adsorption are applicable. Dividing 
both sides of equation (20) by Gdi and using 
equation (11), 

di LC, I, U.T — T,) (21) 
dT G / | i;’ | 
are obtained. This equation expresses an operat- 


ing line for i ~ T' in the case of exte rnal-cooling. 


Diagram B. External cooling condition. 
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Evidently the operating line is not a straight specific heat of liquid, keal/ C kg-solvent 
line joining the conditions at the inlet and outlet inert gas flow rate, kg-inert gas/hr , 

gas film coeflicient of heat transfer, keal hr 
of the tower. 

enthalpy of mixed gas, kcal kg-inert pais 
Diagram B m this case Is show nom Fig. . modified enthalpy of mixed yas, keal ky-inert pris 


On this diagram poimts 0," and 0,"" express the 


as film coeflicient of transfer of solute gas, 


conditions [7,, i,;'] and i,'| respectively. ky m? hr Ay 


gas film coeflicient of transfer of solvent vapour, 
kg m® hr Ay 
with point is By substituting this . solvent flow rate, kg-solvent hr 
the Prendt! number of mixed gas 
value in equation (21), (di dT) can be calculated, 


The slope of a straight line connecting point 0, 


Hence, straight line ?,’ drawn through pont 0, heat liberated in absorption of solute gas 
kyu-solute yus 


with the slope of (di dT), now obtained may be keal kg 
latent heat of vaporization of solvent, 

keal kg-solvent 

the Schmidt number of inert gas solute gas system, 


line P. corresponding to pont ( shows the the Schmidt number of inert gas solvent vapour 


an operating line at an infinitesimal interval from 
the bottom of the tower. Point 0, located on 


operating condition Le ig]. The next change of svstem 


condition of the gas is traced starting from pornt temperature of mixed gas, ¢ 


temperature of liquid, ¢ 
C’ and then the operating line is drawn through oe es 
temperature of coolant, “¢ 


point by the method. Phi thod may over-all coeflicient of heat transfer in cooling, 


be repeated until the condition at the top of the kenl/m*® hr °¢ 


tower is reached, concentration of solute in liquid, 


An examination must be made of the assumed ky-solute kg-solvent 


concentration of solute in mixed gas, 


ky 


value of T, in the same manner as in an adiabaty 

solute ky-inert gas 

absorption. 
concentration of solvent vapour in mixed gas, 

NOTATION kg-solvent vapour kg-inert gas 

1 absorption area, m® Sulyse ript 


Cy specific heat of mixed gas, keal © kg-inert gas i interface between liquid and gas 
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Pressure=temperature=density relations of pure liquids* 
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Abstract—Saturated densities of liquids are expressed as D, i Bt C/(E —t) over 


almost the entire ranges for which data are available. The constants are presented for 130 pure 


substances. 


Liquid density under high pressure can be calculated from saturated density by the equation, 
log (dP dt), AD FP’, whose constants are tabulated for most of the same liquids. 


Les densités de liquides saturés sont exprimées par D i Bi — C(E — 1) 


s 


Résumé 
dans presque tout le domaine des résultats expérimentaux. Les constantes sont données pour 130 


substances pures 


La densité liquide sous haute pression peut étre calculée a partir de la densité saturée, par 
léquation log (d P dt), AD F, dont les constantes sont répertoriées pour la plupart des 


liquides envisages 


Zusammenfassung —Siittigungsdichten von Fliissigkeiten lassen sich durch die Gleichung 
dD. 1 Bt CE t) tiber den gesamten Bereich ausdriicken, fiir welchen Messungen 


vorleigen. Die Konstanten werden fiir 130 reine Substanzen mitgeteilt 


Die Dichte der Flissigkeit unter hohem Druck kann aus der Sattigungsdichte durch folwende 


Gleichung berechnet werden 


log (dP dt), AD F 


Die Konstanten dieser Gleichung werden fiir die meisten der genannten Fliissigkeiten aufgefiibrt. 


SIMPLE equations were published recently [19] for which density observations substantially 


for forty-four hydrocarbons relating saturated above the boiling points have been published. 


liquid densities with temperature over wide They are listed in Tables 1 and 2 along with 


ranges. Another equation showed a simple — pertinent properties of the liquids, the tempera- 


relation between liquuid density and slopes of ture ranges to which the equations are applicable, 


isochors, (dP dt),, for compression of twenty and the sources of the data. In the equations 


seven hydrocarbons and hydrogen. The same JD, is the saturated liquid density, i.e. under the 


forms of equations have now been found applicable = vapour pressure; f is the temperature in °C 


to non-hydrocarbons over even wider ranges and Ais usually a little higher than the liquuid density 


with deviations hardly greater than uncertainties at low temperatures; B is a little less than the 


in observations, or an average of less than 0-0008, temperature coeflicient of liquid density; C is 


Constants of equation (1) a small integer (with three exceptions) which 


depends on the curvature ; and E is a constant 


dD, A Bt (1) somewhat higher than the critical temperature. 


For non-aromatic hydrocarbons the value of 


have been derived for eighty-one non-hydro-  £ in the equation [19] was usually 34° above the 


carbons, including twenty-seven inorganic liquids, critical temperature. But for aromatic hydro- 


*Delaware Valley Regional Meeting, A.C.S., Philadelphia, Pa., 5 February 1958 ; 133rd Meeting A.C.S., San Francisco, 
Calif., 18 April 1958 
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carbons and for non-hydrocarbons it ts necessary 


to use less uniformity thus constant. possibly 
because of greater diversity in polarity. This 
pn rmits adjustment of the constants ol equation 


it appl ible to the entire tem pe rature 


range of experimental observations available 


ilmost to the critical temperature for each 


and the lower alcohols. 


subst 


re 


with relaxation of the 


except water 
ulation of the constants for hvdrox irbons, 
restriction on E, allowed 


a similar large extension of the as listed 
in Table 3. 
For 


quadrat equation 


"30 C w 


ranges, 


water the equation 1s supple mented by a 
covering the range +O 
ith high pree thus giving substantial 


densities of 


degree ol concor 


thre« 


ovcrTiap. 


presents the 


water calculated by 


dance 
equations In their respective ranges, in « omparison 
with 


In the range 4° to 


hest ections trom obse rvations 


50 C the density ot water is 


1—-0-0000048 verv closely Deuterium oxick 


requires similar supph mentary equations 


vaiues ported GOO} for thvl. ethyl, 


und propyl! alcohols at temperatures conside rably 


below 0 C are inconsistent with anv constants for 


equation (1) which are valid at higher tempera 


tures decreas 


The Vv indicate concave curves, Le. 


Ing co cients of density with rising temp ratures. 
According to BripGMAN 9 this relation is rare 
at iry pressures. However, mercury is 
reported |2Y) to have a very slightly concave 
curve for density over the entire liquid range 
from 39° to 357 C. This is perhaps for 
tunate since it results in an almost yn rlectly linear 


itic volume against temperature, thus 


ilibration of thermometers. 


acetonitrile in the Interna 


im the 


The estimates for 


tional Critical Tables [30 range 90° —200°( 
used because no observation in that range 
Thev are about 0-004 higher than 


pre sent estimates. 


were not 
is pub ished 
The limit in range of equation 
(l) for phosgene is that of the observations of 
DAVIES 12}, 


tions in the LC.T. [30] are about 1 per cent high, 


since he showed that the observa- 

and probably at higher t mperatures also. 
Several published observations on density of 

liquid hydrogen sulphide in the range 83° to 
1I8-5°C [4, 37, 38, 45, 56] are mutually very 


FRANCIS 


the 


sults from the observations 


inconsistent. 
from Table 1, 


at higher 


Extrapolation of equation 
which 
temperatures [53] agrees best with 
those of Kiemenc [37, 38] in the low temperature 
Fig. 1. The 
based on the 
(4). 


range so 


This is illustrated in 
Wes1 


BAXTER 


range. 
calculations of (63) are 


observations of and co-workers 


They 
far bn low the 


show excessive curvature for a 


critica 


temperature. 


Density of liquuid hydrogen wa function 


of te perature 


loped for saturated densities 

about 50 —-100° of the 
[19], is equivalent to 
equation (3) published by Herz [28] 


Equation (2), deve 
of hydrocarbons within 


critical temperature 


(D, — D, G (t, — t) (2) 


(d — d,)/a(t —t,)? = 1 (3) 


(with A the reciprocal of b, and if he had used 
(t, — t) so as to avoid imaginary values). As in 


equation (1), ¢ is the temperature in °C and D, is 
the saturated liquid density. D, and ¢, are the 
critical density and temperature, respectively 


> 

\ 

\ 

\ 

\ 
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Table 


Constants of equations for saturated densities of 


organic non-hydroe arbon liquids 


ri 

Bromeot 

( arbon 

Cartan 

( hhorot« 

( hhorodif ren 
hme 

‘ rot 

i) 

thi 


ropeonat 
bal pr 
bt) ily 
robert 


Methyl tiate 


Methyl sul nile 


Perfluoro-n-butane 


Phosgene [12 
Propionic acid 
Propionit rile 


n-Propyl acetate 
n-Propyl alcohol 


n-Propyl formate 


richloromonoflucromet hane 


FREON 11 


richlorotrifluoroet hane 


FREON 115 


lriethylamine [5 
lrimethy lamine 


tem pe re 


References in 
b Equation (1) 


Equation 


d— Densities for phosgene from this equation may be 


cent 


n 

Density Equation 1" Equat 2 
‘ i Mean de ; 

Organic Liquid® Point Obs'd Caled Liquid at 20 ¢ (ritwa B 10 ( Rang ( G 10 Vir , 
e 
Acetic acid 1275 22 16 t 7 26 lise 180 
Acetone wz 235 5 236 P8555 iz t 250 r 2:5 . 
275 1 ows S455 45 t 7 2:5 738 
1561 1 4051 0 458 1 5761 117 24 0 to 270 2-35 2600 130 
1640 0 0904 531 72 0 to 300 26 44) 
$625 279 1 2632 O44 125 25 lll te ‘ 
te 7-675 283 1 o 558 25 ot 270 24 
su 8 1 0365 “1 v4 $25 | 24 1170 
104 8 104 25 1 i 12 1 25 t lim 2” 25 
thar 4 va 091903 mol 16 21 24 TOOO i4 
I 1 
iif reve thar i4 222 1 4168 148 20) 
‘ romethar wo 1115 111 1 O555 277 20 1™) 5330 tit 
‘ thas a ITs S 1 1 S781 0522 225 10 225 20 158 17 $125 
v1 ‘ 
an 55 | ‘ Mz i4 0 to 20 5 28 87 
Ethyl ctat 77-15 1 2503 0 9005 0 308 i2 20) 5 24 iT” 
ht SI. mS isan 2 ove i 7TH 18 4 2-4 
ther Ma ims ‘ 264 © 7872 125 245 123 t 24 its 120 
kthel f ate 245 3 245 7 ot 225 “ 2-¢ Oso im 
Ethyl mereaptan 5.05 300 ow 12 270 0 to 220 7 20 600 170 
272 0 273.3 8001 0 2005 0 te 265 7 24 
her “on 7 227 i oT 210 7 2-7 5 
21 waa 5 8087 14 $365 to 270 6 
Isopropyl isobut yrat 120-76 9028 $28 0 to 230 2 
Methanol 646 2400 202 o7014 8407 77 277 0 to 232 10 258 719 2 
Methyl acetat 57 3 234 0 9335 325 25 15 250 0 to 227 9 2 ‘ ; 
Methyl rate 12 7 vais S084 0300 13 0 te 270 ‘ 2-5 rt 
Methyl chloride [50 23:7 1491 0 808 0353 iz a0 wit 120 ‘ 2-4 
Methyl ether 240 1260 126.8 06610 160 24 to 115 TH 
Met! ethyl ether 7464 1647 163.6 0 0272 0 7570 115 6 195 to 160 5 28 
i 
Methyl fluoride 2a TR a6 OSTS2Z Ts 130 te iz 1140 » 
formate 214 2142 123 15 Oto 200 5 2 17 
Methy1 isobut vrate 267 6 0 8800 030 0 10 0 te 260 
Methy! mercaptan 506 8 197 5S 0 868 0 325 10s 235 Oto 190 10 25 1240 
73 229 0 220 7 8407 5 15 285 Oto 220 2-7 
) | 17 1133 147 063 1715 145 20 to 85 27 T3500 45 
756 Is22 13714 0520 1) 2 220 20 t 5 27 1) 
1415 0 9930 au 20 Oto 200 12 6 27 
v7 2 201 2 O av iz Ww) to 246 617 2) 
} 101 55 276-2 2765 O 0 206 ou 13 $23 0 to 266 6 2-7 758 220) 
v7 264 264.3 0 8035 0273 Ov082 55 25 Mo 0 to 250 27 TO4 20) 
80 85 2049 265.5 0 9058 0 309 OUTRS us 16 0 to 250 2 114) 
23:77 198-0 198-3 1 4877 0 554 1 6200 1933 21 240 te 191 24 1310 71 
| 50 
| 47 57 2141 21445 1 5760 0.576 1 7322 270 to 192 26 $800) 80) 
250 257 T280 OTTO4 s4 203 0 to 245 5 2:5 614 233 
59 2 a7 0 6331 0 233 oO 102 35 182 0 to 158 2:5 rei 
widition to [24, 30, 40, 61 
i 
t 
about per mmm high (ef. [12 


Table 1. Constants of equations for saturat. 


Critical temperature Density 
Tnorgant liquia® iling Liquid Critical (39 
p inf Obs d Caled at 20 

Ammonia (35, 50 33-55 moles O-7048 
Argon 183-7 0-5308 O-5857 
Carbon dioxide (34, 36, 44. 30, 61 31-47 0-468 1652 
Carbon mononide [45, 61 140-3 O-301 O-4106 
Chiorine [33 33-7 1425 1-524 1 
Deuterium oxide [26, 27 wid 11048 0-363 
Helium [43 267-0 1 SONG 
Hydrogen [43 252-7 230-0 O-0826 00-0028 
Hvdr yen brome 7 2005 
Hydrogen chloride 51-4 53-4 42 
Hydrogen evanide [20, 61 26 183-5 184-5 0-6876 195 
Hydrogen sulphide [4, 37, 58, 45, 53, 36 61s 100-4 O-ST2Z0 O-S488 
Krypton 151-8 63-7 0-008 1-737 
Neon [43 245-0 228-7 228-5 0-454 1-206 
Nitrogen 50 195-8 147 146-3 Ooi 
Nitrogen dioxide | 52 21-5 158-22 157-8 14415 O-550 15850 
Nitrosvl chloride 167 13000 
Nitrous oxide [22, 45 80-5 O-784 O-457 
Oxvgen | 45, 50 118-4 0-41 0-5400 
£3. 55 111 5 0-537 
Perchlory! thuoride [17, 31 16-76 05-17 05-36 14475 0-637 
Phosphine S74 51-3 33 0-566 0-30 O-7798 
Stannic chloride 1141 318-7 2-2262 o742 2.5004 
Sulphur dioxide [45, 50 157-5 156-8 1-3829 0-524 1 5660 
Sulphur trioxide (64) 218-2 219-3 1-225 0-633 2-008 
Water [15 100-0 374-15 0-998 16 0-32 11258 
Xenon [43, 49, 62] 109-1 16-59 17 1-O87(0) 1-105 2-6709 


a— References in addition to 24, 30, 39, 40. 


6—Equation (1), D, = A Bt 
E—t 
Equation (2), (D, D. = G (t, — t). 
d—Equation (6) (deuterium oxide) D, 1-1132 — 0-0002 ¢ 0-00°00322. Range 50 to 140 C. Mean deviation 2 10°, 
¢—Equation (1) for helium using “K. D, = 02666 + 0-0158 T — 1-2,(10 - T). 
Equation (5) for water D, = 1-0064 0-00025t 0-00900230. Range 50° to 230 C. Mean deviation 1-4 10°. 


~ 


= 
| 
ty 
3) 
— 
| 


urated densities of 


inorganic liquids 


Equation 1? Equation 2 
Mean Dev. h G 10° Min. te mp. 

RB Range, ¢ 104 

ts Iz Iso to 120 6 2°35 S76 
180 to 131 32 2°5 161 
51 56 to 22 5 2-6 0 
iM 265 Ww 112 205 to 147 S100 100 
216 2s 200 100 to 130 £500 
140 140° to 350 1495 140 
1660 263 271 to 268 76-3 270-84 
28 0 250 258 to 246 3 2-7 12.8 258 
5 oso V7 130 BO to oo 24 

225 13 85 85 to 2-5 3400 20 
116 220) 13 to 160 2 20) 2040 160 
7 580 25 35 147 to 71 J 2-7 27400 92 
5 “248 to 234 i 2-4 26700 249 
noo wo 210 to 21 2:5 S480 196 
145 20 Zito 149 11 2:7 5820 SS 

45 240 i] 4 to 20 2:5 90 
noo 10 210 to 128 Is 2-5 63500 168 
2060 13 7 183 to 25 5 20) 183 
tt 20 142 to ow 22 29 6200 
72 20 10 87 to 610 20 
M 228 365 0 to 280 2-5 180 
iM 14 27 205 30 to 145 11 2-4 5000 0 
‘ 150 12 to 180 3 2 5970 150 
8 67 32 ‘51 180/ to 340 3 2-56 1200 190 
560 35 ts to 10 3-3 36400 0 


: 
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Pressure—temperature—density relations of pure liquids 


Table 3. Constants of equations for saturated densities of hydrocarbons nearly to their critical temperatures. 


| Mean dev. 


ydrocarbon A | 108 | Range, °( 
4 nee | from Eq. 1* 


Methane 0-3254 6 18 180 to 90 3 
Ethane 04976 100 6 180 to 27 
Ethylene 0-5000 112 7 5 - 170 to 0 7 
Acetylene 0-5661 122 7 69 -S8lto 4+ 25 + 
Propane O-S757 95-7 6 128 I50to + 90 5 
Propylene 05995 103 7 127 160 to + 80 74 
n-Butane 0-6379 S7 7 186 140 to 146 9 
Isobutane 0-63-44 85 10 186 80 to + 121 8:7 
1-Butene 0-6574 96 7 180 110 to 125 4-6 
2-Butene (trans) 00-6897 13 208 + 25 l 
Tsobutene 0-6566 95 7 179 50 to 130 2 
Butadiene 7000 206 109 to 140 1 


n-Pentane 0-6853 79 10 243 136 to 185 O-4 


IsoPentane 0-6738 83 s 231 ~ 158 to 175 5 
Neopentane 00-6493 SS 7 195 - 20 to 150 5 
2-Pentene (cis) 0-7382 72 15 240 7TOto + 80 t 
2-Pentene (trans) 0°7277 72-5 15 250 TO to + 80 
2-Methyl-2-butene 0-7 822 56 25 250 TOto + 80 3-3 
n-Hexane O-7154 75 11 285 100 to 220 ‘ 
2-Methylpentane 0-7022 79 s 260 -1l0to 220 5 
3-Methylpentane O-7248 74-6 12 283 220 
2, 2-Dimethylbutane 0-7058 75:5 10 260 Oto 210 ‘ 
2, 3-Dimethylbutane 0-7163 77 10 274 10 to 210 4-5 
n-Heptane 0-7333 74 10 308 9 to 238 5 
3-Ethylpentane 0-7478 10 310 + 90 
2, 2-Dimethylpentane 0-6979 83 2 280 120 to 80 0-7 
2, 3-Dimethylpentane 0-7448 73-5 10 307 Oto 246 6-3 
2, 4-Dimethylpentane 07150 80 7 282 Oto 230 8 
n-Octane 00-7486 72 10 839 60 to 290 6 
2, 5-Dimethylhexane 0-7440 72 11 326 20 to 269 4-6 
2, 2, 4-Trimethylpentane 0-7403 72-5 10 316 110 to 260 4-5 
2, 2, 3, 3-Tetramethylbutane 0-7672 72 10 340 207 to 230 10 
n-Nonane 0-7681 68 13 378 Oto 240 7 
2, 2, 5-Trimethyihexane 0-7528 75 9 334 20 to 285 8 
n-Decane 7822 65-8 15 408 30 to 325 
-Dodecane 57 467 | 10 to 370 338 


CycloPentane 0-8057 70-4 15 297 0 to 225 4-4 
MethyleycloPentane 0-8010 S4 10 302 0 to 255 0-5 
EthyleycloPentane 0-8201 81 12 347 20 to 285 7-7 
Cyclohexane 08286 85 10 324 7 to 273 6-6 
Methyleyclohexane O-8244 74 13 352 95 to 285 S 
Benzene 0-9360 93 12 334 OF to 280 51 
Toluene 0-9371 77 20 3386 23 to 305 4 
o-Xylene 0-9632 67 30 452 B30 to 336 11 
m-Xylene 0-9296 72-5 20 415 50 to 330 10 
p-Xylene 0-9272 73 20 411 10 to 340 11 
Ethylbenzene 0-9078 82 9 390 90 to 140 2 
Naphthalene 1-0810 7 20 550 70+ to 430 5-4 
Biphenyl 1-0786 72 18 588 60t to 520 8 


tSubcooled 


*Equation (1), D, 
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Table 4. 
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Saturated density of water as a function of temperature (observed vs. calculated) 


Calculated 
mp 


O84 


452 


O-S525 


O-7S41 


Observed® 


OSS! 


9832 7511 


v7 18 


O55 


9510 


777 7327 


ISS 


Calculated 

Temp Observed® 
Eq. 2” 

7407 

7117 


7129 


6905 


O405 


e261 


S074 


S528 


i788 


Hiv tise 

£205 


S574 338 


323 


»(D, 


1 


t) 
als of selections of spec ific volumes in Dorsey 


Reciprocals of selections of specific volumes in Dorsey 


h is an exponent, usually between 2 and 3; and 
G@ is another constant. 

Hy RZ applied equation (3) to five substances over 
so great a range in temperature as to introduce 
disere pancies over 2 per cent for eac! substance. 


In the 


usually less than one 


ranges here applied the uncertainty Is 


tenth as great. SUGDEN’s 


somewhat similar equation [58] is explicit for 
neither liquuid nor vapour densities in absence of 
the other; and it is inaccurate for “ associated 


liquids,” and for * unassociated liquids © close to 
the critical te mperatures, 


Equation (2) is less convenient than ¢ quation (1) 


because of the decimal exponent ; and its range 


of reliability is more limited. However, its 


constants bave been evaluated for all but the six 
liquids in Tables 1 and 2 which lack observations 
The 


correlation of 


near the critical temperatures. equation 


furnishes an excellent means of 
density observations in the critical region, which 
are more erratic than those at lower tempera- 


tures. 


In several cases the value of G in equation (2 


calculated from the liquid density observation 
nearest the critical temperature is higher than that 
Since 


from the others. In a few cases it is lower. 


VOL. 
10 


1959 


ob 
70 oo 
0 0 310 
110 0 0 
130 O-9350 350 O-STRT 
140 0-9263 355 O5521 
360 O- 5265 O5245 
1m) S774 0 
230 O-S272 O-8272 0-8273 372 0 
240 OSTSS 373 0 
250) O-TOSG 374 : 
7 
= A 


it is perfectly in line for water and very close 
for the other 
possible that the discrepancies in other cases are 
An adjust 


ment of a few tenths of one degree in the critical 


best-studied substances, it seems 


due to inaccuracies in observation. 


temperature or that of the other observation in 
each case will almost eliminate the discrepancy. 
in this respect” is evidence of the 
the 


temperatures 


Consistency 


validity of observations. Some suggested 


critical which would improve it 


are included in column 4 in Tables 1 and 2 when 
these differ from the observations of column 3. 
However, this relation cannot provide an accurate 
critical unless the 


calculation of temperatures 


critical densities are known accurately. 


OL. Figures 2 and 3 illustrate the degree of concor 
10 dance of many investigations on the density of 
59 


liquid carbon dioxide. Observations are plotted 
on a large vertical scale as deviations from values 
calculated by equations (1) and (2 respectively. 
Increased weight is assigned to the more recent 
observations, points L, M and Curve 5. Curve 1 
is preferred up to 22°C; and Curve 2 is valid 
critical 31-04 C 


from O° to the temperature, 


1x 1000 


on from equatior 


Dev 


Ternperature Cc 


Fic. 2. Density of liquid carbon dioxide. 


Pressure temperature density relations of pure liquids 


Between 0° and 22°C either equation is satis- 
Similar 


other substances, though 


with the 


factory. methods were used 


usually without such a 


wealth of observations. 


Ternperature, °C 


Pia. 3. Density of liquid carbon dioxide 


correlation of the 


It 


constants m 


is doubtful if consistent 
the tables 


possible because they were cle rived empirically. 


with structure is vet 


Trifling revisions in observations selected could 


make large changes in the constants. Two equa 


tions with quite different constants might  re- 


produce the observations almost equally well 
because of mutual compensation. 
Thus the observations on ethyl ether from 
123 to 


by equations with the following constants : 


170 © are reproduced equally well 


Av. 
A B C kK deviation 
O-7872 0-00091 12°5 245 0-0004 
O-78S89 0-000905 13 247 0-0004 


O-7924 0-000896 14 250 0-0004 


123° to 60°C, 


deviation of the observations (given 


If the range were shortened to 


the average 


to five decimal places) is only 0-00007 for each 


M 
6b 
-3+-+—+—} 
8 B 
8 
|_| | | | = 
4 
é 
A 
4 
-9} 4 + + + 7 
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of the above three equations. It is because of the 
relatively better observations on this substance, 
and the wide range, that the extra decimal place 
in B or C is justified. 

The negative values of A for hydroge nand neon, 
and the large value for helium have no physical 
significance, and are due merely to the low densi 
PATTERSON 
[49] called attention to the high 
that 


close to the critical temps rature and pressure it 


ties and low tem ratures involved 
and co-worke rs 


critical density of xenon. It indicates 


should be possible to have bubbles of xenon gas 


sinking in liquid water, perhaps unique 


yhenomenon. 
The larger average deviations for ar von, xenon, 


and sulphur trioxide are due, of course, to erratic 


observations (which are understandabk because 


of rarity, difficulty in purification, or hygros 


copicity). Observations on sulphur trioxide do not 
justify an equation more complex than a linear 
one. The relative ly larger deviations for several 
of the thuorine compounds may be due not to less 
observations. but to the 


accurate probability 


that observations on most of the lor ver known 


substances have been smoothed previously in 


other ways. 


Some industrially 


important liquids such as 
ethvl keton ind 


anhydride are omitted from the Tables because no 


2-butanone (methyl! acetic 


density data above their boiling points are 
published. 

Tables 
ided in the 
il data are 
Most 
of the boiling points and densities used in Table 2 
References and the 


phy sical properties of the hydrocarbons and their 


Original references are omitted from 
1 and 2 unless they give data not in 
compilations [24, 30, 39-42, 61]. Crit 


mostly those from Kose and 
are listed in TimmerMaANs [61], 


equation (2) constants, are omitted from Table 3 


because they are given in the earlier paper [19]. 


Isoxc HORS 


that 


volume are not 


BripGMAN [9) and others maintained 


isochors or lines of constant 


Although 


irregularities at high pressures, these 


straight. there are numerous slight 
are me arly 
least the 


assumption of straight isochors gives a useful 


random in direction of curvature. At 


Ww. 


FRANCIS 


correlation. The slopes of the isochors are related 


to the densities by equation (4). 


log S log (dP /dt)y AD F (4) 


Constants for this equation are evaluated for 
Sixty-nine 
Data for 
BripGMAN’s 


non-hydrocarbon liquids in Table 5. 
substances are from 
[8, 9, 30, 42) and that of 
\macart [3], and extend up to 12,000 atm. 

This relation is illustrated in Fig. 


‘ 


most of these 


work 


for carbon 
choxide. Only for hydrogen [19] and for water 
2000 atm in each case) are the isochors 


The 
latter slightly 


{ bye low 


noticeably curved. former are slightly 


convex, and = the concave. At 


temperatures above 50°C or at high pressures the 
water isochors are satisfactorily straight. 


Fic. 4. Slopes of isochors of carbon dioxide as a function 


of density. 


As many isochors as possible, usually about 
each substance. 

P,)/(te — ty) in 
which P, and P, are two listed pressures, ft, 1s 


twelve, were calculated for 


In general their slope sare (fy 


one of the higher listed temperatures, and t, is the 
temperature at P, corresponding to the same 
relative volume as that at P, and t,, as found by 
interpolation or short extrapolation. In order 
to get isochors over as long a range as possible, 
and thus improve the accuracy of their slopes, 
P, was taken as one atmosphere when densities 
were known at sufliciently low temperatures, 
- 100°C. This 


permitted calculations of isochors when relative 


sometimes as low as method 
volumes were given at only one temperature 
under pressure, as in the cases of isoprene [19] 
and carbon tetrachloride, eugenol, and glycerol. 
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Pressure-temperature density relations of pure liquids 


Table 5. 


Constants of isochors for compression of non-hydrocarbon liquids* 


Substance K References 


Acetic acid” 
Acetone 5 O-ll 8, 20, 30, 42 


Allyl alcohol 


Ammonia 
Aniline” 2-1 O-882 30 


Bromobenzene 


Bromoform 
n-Butyl aleohol 1-6 0-240 8. 9 
n-Butyl bromide 


n-Butyl chloride 
n-Butyl iodide 1” 0-561 8, 42 


n-Butyl phthalate 


Capric acid” 
Carbon dioxide 1-4 0-427 34 
Carbon disulphide 


Carbon tetrachloride 


Chlorobenzene 1-5 0-52 
Chloroform” 


Chiorotrifluoromethane 
(Freon 13) 
Dichlorodifluorocethane 


Diethylene glycol 1-7 0-673 8, 42 
Diphenylamine” 21 1-118 30, 40 
Ethyl acetate” 2-3 0-993 30, 40 


Ethyl aleohol 1-5 0-142 9, 21, 30, 42 
Ethyl bromide Os 0-004 30 
Ethyl n-butyrate” 2-2 0-863 30, 40 


Ethyl! chloride 1-5 0-391 9, 30 
20 1-03 8, 42 


Ethyl! dibenzylmalonate 
Ethylene chloride” 146 O-S44 30, 40 


Ethylene glycol 1-4 O-311 8, 42 
Ethyl ether 11 0-289 8, 9, 21, 30, 42 
Ethyl iodide 0-7 0-365 9%, 30 


Kugenol 0-783 8, 42 
Fluorobenzene 1-95 0-936 16 
Glycerol 15 0-601 8, 42 


n-Hexyl alcohol 2-3 O-874 8, 9, 42 


Hydrogen (above 2,000 atm) 224) O-885 19 


0-552 3 
0-213 8, 9, 42 
| | 
12 O-117 8, 42 
21, 30, 42 
eC 1-3 1-034 8, 9, 21, 42 
21, 40, 42 
1-3 O-86 14 
43 
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Table 5. 


(Continued) 


Substance A 


livdrogen sulphide 
lak ohol 
Isobutyl alcohol 


Isopropy l ak ohol 
Mercury 
Methanol 


Methyl acetate” 
Methyl n-butvrate” 
3-Methyl-l-heptanol 


2-Methyl-3-heptanol 
-Methvl-3-he ptanol 
3$-Methyl-4-heptanol 


Methyl oleate 
Nitrobenzene” 


Nitrogen dioxide 


3-Octanol 
Palmitic ac id” 


Phosphorus trichlorice 


n-Propyl aleohol 
n-Propyl bromide 
n-Propyl chloride 


Propylene glycol 


n-Propyl iodide 
Tetrachloroethvlene” 


Thymol® 
p-Toluidine' 


0 Tolyl phosphate 


Triacetin 
Tricaproin 
Triethanolamine 


Trimethylene glycol 
Water (above 50°C or 2.000 atm) 


Refe rences 


1-120 
os 


a (dP dt), AD 
Applicable to densities above the critical density. 


Slope matm “¢ 
-Caleulated from compressibility eceflicients (21, 30, 40, 


Use of the isochor equations would normally 
employ the reverse procedure, That is, an isochor 
would be selected, by trial if necessary, having 


the same density or specific volume as that at 


41). 


saturated pressure and some lower temperature 
[e.g. by equation (1)] or at some other temperature 


and pressure. Examples are given of methods 


of calculation in the earlier paper [19], 
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1-7 33 
0-533 BO : 
2-1 
1-7 8. %, 42 
O15 
1-6 8, 0, 21, 3, 42 
no. 40 
8, 42 
8, 42 
0-437 8. 42 
O-527 8, 42 
22 30 
0-7 O15 32 
0-498 8, 42 
34) 1-642 30, 40 
22 0, 30, 42 
i” Ons 8, 42 
8, 42 
1-1 0-638 8, 30 
10 0-08 8, 42 
1-2 0-169 42 
0-488 8, 42 
240 1-108 8, 42 
22 8, 9, 30 
+t 


Pressure temperature density relations of pure liquids 


Isochors can be calculated also by dividing the 108 J 
compressibility coeflicient, | 
relative expansion coeflicient, dV Vdt, by the dP!, 
‘bil dV Ss slope of isochor, (dP dt), 
compre SSIDI ity coel cient, | at 1, empirical constants of equation (1) 
AG empirical constants of equation (2) 
the same temperature and minimum pressure 
K empirical constants of equation (4) 
range. The latter is given [30, 40, 41] for several 
substances. Derivation of equation (4) requires Curves 
Kquation 1 D 10652 O-OO3 181 7/5 
at least two isochors at widely different densities 
yA (Horizontal line in Fig. 2: valid only up to 22 (). 
(or temperatures). Precision of isochors is believed 2. Equation 2. (D, 0-004286 (1 t). 
to approach that shown for carbon dioxide (Fig. 4), Horizontal line in Fig. 3; valid only above 0 ¢ 
%. Selections of International Critical Tables [3) 


except for those marked 6 [40] in Table 5. 3. 
t. Selections of Refrigerating Data Book [50, 54] 


‘ 
Errata in Reference 19 Observations of KENDALL and Sacre [34] 


Figure 2 (ordinate) change € to G M1 6. Selections of Handbook of Chemistry and Physics [25 


Figure 5 change title to “ Slopes of hydrogen isochors 


Points 
NOTATION [5, 41). 


Cam.erer [10, 41). 
Jenkin [82, 41). 
A Keyes and Kenny [36, 44], 


pressure, atmospheres 


t temperature, ¢ 


t, critical temperature 

J volume, ml L. Lowry and Erickson [44, 61 

D liquid density, g mil. VM Micue.s and co-workers [47, 61]. 

dD. suturated density, (under vapour pressure) Several other points, A, C and K are too low to appear 
dD critical density on the graph 
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The absorption and the chemisorption of ammonia in a jelly 
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Abstract. -In jellies cousisting of a solution of carboxy methyl! cellulose in water the absorption 


and chemisorption of ammonia has been studied The reacting « omponent was acetic ac id. The 


concentration of ammonia and of free acetic acid has been measured as a function of the distance 


from the plane surface, for so called semi-infinite layers. It has been found, that for jellies con 


taining 4°, by weight of carboxy methyl cellulose, the equations derived and given in the literature 


for absorption and for chemisorption, in the case of an infinite fast reaction, in semi-infinite 


layers of a stagnant liquid, were valid, for the distribution of ammonia in the jelly, as well as 


for the amount of ammonia sorbed. 


Résumé —Les absorptions, physique et chimique de lammoniac dans les gels prepares a partir 


dune solution de carboxy-methyl-cellulose dans eau ont été étudiées 


Le composé réactif était Pacide acétique. La concentration en ammoniac et en acide acétique 


libre ont été mesurées pour ce qu'on appelle des couches semi-infinies en fonction de la distance 


4la surface plane. Il a été trouvé que pour des gels contenant 4°, en poids de carboxy-methyl- 


cellulose, les équations données dans la littérature pour les absorptions physique et chimique 


dans le cas d'une réaction instantanée et pour des couches semi-intinies dun liquide stagnant, 


étaient valables, aussi bien pour la distribution de lammoniac dans le gel que pour la quantité 


Vammoniac absorbée 


Zusammenfassung Die Absorption und Chemisorption von Ammoniak wurde in Gelen 
untersucht, die aus wissrigen Losungen von Karboxymethyvlzellulose bestanden. Die Reaktions- 


komponente war Essigsiiure. Die Konzentration von Ammoniak und freier Essigsiiure wurden 


als Funktion des Abstandes von der ebenen Obertliche gemessen, in sogenannten halbunendlichen 


Schichten. Fiir Gele, die 4 Gewichtsproenzt Karboxymethylzellulose enthielten, bestitigten die 


Messungen jene Gleichungen fiir die Absorption und Che misorption, die fiir unendlich schnelle 


Reaktion in halbunendlichen Schichten einer ruhenden Fliissigkeit abgeleitet und in der Literatur 


mitgeteilt sind. Das galt sowohl fiir die Verteilung des Ammoniaks in dem Gel als auch fiir den 


Betrag des absorbierten Ammoniaks 


INTRODUCTION AND THEORY suddenly a concentration C*, of component A 


is created. If this concentration with time (@) 


As far as the present authors know no direct 


1s kept constant and if the diffusion coefficient 


illustration of the validity of the equations, 


derived for the sorption of a component in a (4) is constant, the concentration of component 


A(C,), at the distance @ from the surface will 


stagnant liquid of infinite thickness has been 


be expressed by [1]: 


published in the literature. The purpose of the 


research to be described in this paper was to give 3 1 
such an illustration. The equations used will C4 Ca}! ‘DB, a) | 


be given first. 


Consider a stagnant liquid with a flat surface, The same equation will be valid for the absorption 


of an infinite thickness, measured perpendicular of component A in a stagnant liquid of finite 


to that surface. The liquid contains no component — thickness for any time for which the concentration 


A, or a component with which A can react. At at the greatest distance from the surface remains 


the time zero in the liquid at the interface zero. 


: 


M. H. vAN Mens and M. Buvaye 


The total amount of component ! absorbed 


in the time @ per unit of surface is given by 


From this equation and equation (1) as given 


by Hicny [2] it follows that 


If. under the same conditions as deseribed above. 
the stagnant liquid contains a COT por nt Bofa 
uniform concentration ¢ and if the 


f and B can react chemically. thy 


omponents 
quid will 
take up component 4 by absorption and by 
chemisorption If the second-order reaction 
between 4 and B is intinitely fast the liquid, 
after a certain time, two zones can be distinguished 
divided by a reaction-front parallel to the surface 
of the hquid, at which the concentration of A as 
well as of B is zero. The distance (r) of this 
reaction-front from the surface is a function of the 


time and given by 
tx (33) 


The quantity x which appears in (3) is a function 
of both the diffusion coetlicients B , and D,, 
and ot the concentrations ( and ( “as 


expressed by equation (4): 


Cs (D,)’ exp D,) 
ert D,) 
C exp D,) 
erf (x B,)? 


(4) 


For the zone between the reaction front and the 
surface, transportation of 4 takes place in a 
liquid which contains an amount of Cy of com 
ponent AB by diffusion only. rhe relation 


berween C4, 7 and @ in this zone is 


r? 
ert | (5) 
erf(x BD,)* 


The total amount of component A sorbed by the 


liquid in the time @ is given by: 


D, 
4)tot 2¢ orf (x 


as found from: (4 4). 


in which [equation (5)] | orf la 


(7 


The amount chemisorbed in the time @ is given by 


B,0\' 


as found from : dé, 


in which [equation (5)] and by combination 


with equation (3 


‘) ( l x Dy. 
erl(x By)! (+B, 6) 


If the range of concentrations of 4 in the stagnant 
liquid is chosen such that the diffusion coetlicient 
of 4 remains substantially constant at constant 
1B. proof of the 


equations presented can be given by measuring 


concentration ol component 


the concentration of 4 and eve ntually of Basa 
function of the distance from the surface and as a 
function of time. The experimental difliculty 
les in the choice of such conditions, that con 
vective movements in the liquid to be used, can 
be sufliciently suppressed. 

Because in a watery j« lly convective movements 
will anyhow be strongly restricted as compared 
with water, to the authors it seemed possible to 
prepare a jelly of such a consistency that convec 
tive movements would for all practical purposes 
be absent at all. As far as the results of the 
experiments to be described below seem to 
indicate, the atte mpt to find such a jelly has been 


successful. 


EXPERIMENTAL 


As component 4 and B respectively ammonia 
and acetic acid have been chosen. In water the 
reaction between these two components seems 
to be very fast. 

The jelly finally chosen was a solution of 
carboxymethyleellulose (4g) in water (110g), 
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The jelly was contained in a eylindrical stack  brium concentration with the 
of fourteen rings. Kach ring had a diameter of vas stream with a constant amon 


tem and a heiwht of ~ 44mm. The rings wer closed erreuit was used. The 


finely ground at the upper and under surfaces tor was circulated by 


so that they fitted water-tight on each other. — thre ssels contami 
Nevertheless a small amount of silicone gre: iter. The first 
was applied between the touching surfac was placed in the an 
promote cass shding of the rings With 
help of two diametrically placed glass rod: 
pile was fastened mn a plastic holder im a ve mi ates ith, prov 
position. A slight pressure in a vertical direction cooling system, whicl 
was exerted by means of two indiarubber pieces the bath at 20 0 
of elastic fastened over the rods he | vessel Was 
By placing the pile and support © quickly ise the amounts o nmonia sorbed by 
in an exsiceator B (See Fie. 1) through which a lly are verv smal ct ire th the ammo 
stream of air with a constant partial pressure ol contamed in the ve 
ammonia was circulated, a sudden and constant ammonia content 
boundary concentration of ammonia could be a experiments 
created in the jelly. The partial coelhoent of The conte 
transfer of ammonia in the flowing gas is sucl 
as compared with the diffusion coetherent 
the jelly. that the surface concentration of the 


relly quickly ittaims and maimtains the equill 


Sketch of the ipparatus 


onia content 
air from the exsicca 
cans of a pump D through 
la 
hy 
; | 
il 
LO 
59 
eee At the end of each experiment the pile was 
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taken from the exsiccator, each rime slipped off of jelly (C°) could be caleulated. CC’ ts equal to 


quickly and carefully and brought into a weighed — ¢ : 
if C in the concentration in moles /cm?® and 


amount of water. From the total weight and the p 


. 
weight of each ring the amount of ly was then » is the density of the jelly in g em*. The 


known. After dissolving the jelly the amount density of the ielly has not been determined 
of free ammonia and free acetic acid were because the amounts of ammonia absorbed were 
determined by potentiomet rn titration In small enough to neglect the differences in the 


this manner mean concentrations in moles g densities caused by sorption. 


0-002 O} 


rhe concentration of ammonia as a function of the distance of the surface 
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the 
The 


height of the ring was taken as the mean value 


found taken as 


The 


concentration at half the height of the ring. 


concentration was 


from four places, me asured with a micrometer, 
the the The 


deviation of these four heights was in the order 


around circumference — of ring. 
of a few thousands of a millimeter. 
The the 


determined by placing a few rings so long (several 


concentration at interface ¢ was 
weeks) in the apparatus, that all the rings showed 
the This 


concentration was taken as iy 


same concentration of ammonia. 


RESULTS AND Discussion 


Two series of experiments have been carried 
out. In the first series the absorption of ammonia 
different 


measured ; in 


in jellies, contaiming 
the 


second series the sorption of ammonia In jellies 


ammonium acetate has been 


containing different amounts of acetic acid has 
been studied, 


Some of the data obtaimed tn the first series 


amounts of 


Table 1. The 
ammonium acetate in the jelly has been marked 
the 


ammonia tn 


have been given in amount of 


equilibrium concentration of 
the (C*,), as 


separately, has been taken up in the table as the 


as Cm 
jelly determined 
concentration at the distance zero. 

One of the experiments has been presented 
graphically in Fig. 2. From the data collected 
for each point measured the diffusion coeflicient 

r2 


obtained from equation (1) via the known C, 


has been calculated, by division of 


1 C*,, on 
and on 


obtained directly from and @. 


The resulting values have been included in 


Table 1. 
\ mean value of D, has been obtained by 
plotting on rectangular co-ordinates the values of 
r? r? 
versus those of the corresponding If 
BD, 1s indepe ndent of C , 


the origin, of slope 


the points will lie on a 


straight line, passing 1 D,. 


2 


z 
as a function of —— 


2 
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iM fig Of ammonia 


ifs if ammonium acetal 


wnt mw constant Moreover, convective 

ois used movements in the pyelly seem to be absent and the 

mean theory as given can be used. The most accurate 

values are taken to be those obtained with 

o D, obtamed method IL. Method ILL gives somewhat too high 

oncluded that no tenden s found alues, probably caused by a too high value of 
diff 


usion coethorent deper om the (SCC later 


measuremen lherefore apparently in The diffusion coetlicient appears to be a function 


the concentration fons used the diffusion of the amount of ammonium acetate in the jelly. 


PM s, 
C4 D, 4 D, C4 a 
1 oat tia 1 oul og 1 
1 $06) “0.5 1 
od 
baw 
that of a straight relationship has bx letected. jellies with differen ono 
= osu it ment present 
= 2 is beet nl ‘ ‘ 
rapl teyration of the C, we later 
| Lo 5 hy Tite ins of equation D can then 
In Tab 
ve bee 
( 
that the 
4 


The absorption and the chemisorption of ammonia in a jelly 


An merease of the amount of this component acid is found. Although this is not likely in view 
causes a decrease in DB, As can be seen from of the very long times of sorption as compared 
Fie. 4. where D, has been plotted isa function with the time necessary for titration wh 
of the amount of ammontm acetate moth depends on the same type of reaction, and 
region investigated the relation ts almost straight. of the time interval between the end 

experiment ama the imme of titration 

ought be apphed 

According to the theory in zone L ammon 


wetate at i constant oncentration equ 

( K should be present and free ammonia 


cl ‘ oncentration 
mmole acetate ell 
g 


immonium acetate of a concentration ¢ B 


Fra. 4 The diffusion coeflioent of as a function 
Ii tiv reaction between ammonia and 


of the concentration of ammonnim acetate 
ws mntinitely tast data obtained 
l wt ftullil equation 5 INS per 
The results of thy second seri are oiven in 3 these data has bean irmed out mn tha hollow 


As an for the experiments Vila. and « mianner Through the points as plotted in big 
and ¢ 


pn (not presented in Table 3) have been smooth lines have been drawn. By extr ipolat 
plotted as a function of 7 in Fig. 5 It can be the imtersection t hese ines with the 
concluded that a sharp reaction-front. for which vives the \ ilu ! Table 6). 

( ( B 


is theoretically possible that the amounts of has been calculated Krom x and fron 


P 0 seems indeed to exist However r, by means of equation : thy Value 
ammonia and acetic «ac as titrated do not corresponding Ce sce thre Value 
repre sent the actual situation in the yelly Ii the ert (¢ D, > has heen found This enables 


reaction is not infinitely fast it us possible that 


determine the value of equation 5 


r2 
ert 
e.g. m zone L (between the surface and the reaction lip,a) 


front) still free acetn Is present, because by and the corresponding value of D, Phese 


titration only the excess of ammonia over aceti have been inserted in Table 3. Their arithmeth 


Fic. 5. Concentration profiles of ammonia and acetic acid at different times 
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Table 3. Data on the sorption of ammonia in the presence of acetic acid 


IV: C4*/; 0-107 V:Cp*/; 0-27 VI: Cp* p = 0-450 10-3] VIL: Cp*/p = 0-517 3 
CK By, Cyep Cy Cap By 
é 104 é wy} ¢ 10 0 r 108 
1054 68 (a) 1500) 3:55 
o-149 3:37 (a) 1197 0 300 wes | 
0-500 2-65 0-7 3-20 3-22 Oo 2-72 9-2 
1312 1-25 ool 1-01 1254 13S 
1-718 O76 1-27 0-7 1-105 120 
2-059 OOS 2540 0-5 (b) 2057 855 
f(b) 1406 ois su 
271 au 241 
246 “4 %-2 
1 146 104 140 
2-102 O55 on 2 448 O71 
2-056 ooo 8-7 
4585 B35 
We 
2-71 
20 
2 
2 4465 
SS on 
326 ool 0-5 
on 
sive ovo 
Table 
BD, from Fig. 4 0-3 w w4 
means have been collected in Table 4, together With the aid of equation (4) the values of the 
with the MB, values as read from Fig. 4 diffusion coetlicent of acetic acid (By) in the 
The agreement between the values is sullicient jelly can be calculated. \n approximation of 
to warrant the conclusion that the experiments equation (4) has been used, by assuming that 


satisfy equation (5 exp (x By, xD, l. because ~ B,. 
Several other inspections of the data given and The values obtained are given in Table 5. The 
obtained have been made. error in these values is such that no dependency 


~ | 

j 

7 

e 

j 

-2 


Table 5. 


The diffusion coefficients of acetic acid 


Cp* 0-107 0-271 0-450 0-517 10 
DB, 9-9 4 99 10 
Table 6. Collected data of the sorption experiments 
D4 error 
p q 
103 10 10 4 103 ‘chem {tot cak : slopes in 
10 
line 

l-a 283 1-43 0 oo 0-860 O-860 O-854 0-99 

b 1” 0 0-961 0-961 O-972 

1°57 0 1-66 1-66 1-62 0-97 

I! 1051 0-553 301 301 3-74 0-95 

itl 1201 1-130 B86 

mean 
1\ 1054 3-68 107 2°51 2-50 O-977 3°87 0-38 25 +30 1-01 0-090 0-075 0-083 2-7 1-20 1-08 
V-a 1197 271 2-01 1-77 186 0-946 4°87 50 0-95 0-179 0-156 0-191 2-7 1-15 0-94 
-b 1406 271 $24 1-75 0-945 +48 0-08 546 513 0-94 O-181 0-159 0-185 2-7 1-14 0-98 
Vi 10903 +56 0-450 0-3 24 1-32 1-42 0-908 3°23 1-20 43 +48 0-27 0-247 0-254 2-5 1-10 1-07 
Vil-a O-517 9-2 2-71 1-22 1-33 3-78 1-0 5-38 5°26 0-98 0-297 0-266 0-283 29 1-12 1-05 
-b 2057 O-517 9-2 3-66 1-22 1-33 0-804 5-2 2-19 7-21 7°39 1472 0-304 0-265 O-3B17 3-2 1-15 0-96 
1585 3-55 O17 9-2 +74 1-23 1-34 6-77 0-301 0-276 O-3B31 2-6 1-09 0-91 
mean 0-98 mean : 2-8 mean : 1) 

The experiments I have been carried out with a lower ammonia concentration in the gas-phase than the other experiments. 


D, | 
us 
wes 
| 
| 
‘ 
e 
\ 
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10 
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of B, of the concentration of ammonium acetate 
can be deduced. 

The total amount of ammonia sorbed and the 
amount chemically bound can be calculated by 
of the 


amounts can 


means equations (6) and (7). These 


also be obtained by graphical 


integration from the curves showing C, and Cy, 


as a function of 2, The ratio between (4 4)4.., 


(= p) and (¢,4).. (4) as follows from the 


equations is equal to ¢* Bu. \ comparison 


ratio and the 


cither via « ob 


can also be made between the 


value of calculated 


tained via r as described before ( ‘), or from 


the ratio of the Slopes (= ‘) ond = 4) 
add AY 


method for the 


of zone I ( u). This second 


calculation of  ¢ * u), although less 


than the 
As has been remarked the diffusion coetlicients as 


accurate first, may be advantageous. 


calculated with method IIL from (4,4).). (see 
Table 2) were larger by ~ 1 per cent than those 
with the 


indicate a systematic error in 2. 


methods. This might 


If this should be 


obtained other 
true an error of ~ 2 per cent in ris to be expected, 
which signifies an error of about 4 per cent in x, 
and a corresponding error in ¢*®4(— ft); in 
the second method the error in 2 cancels out, 
It may be remarked that a systematic error in a 
will not influence the value of DB, as found with 
the methods I and II. 

In Table 6 some data as calculated for the 
different experiments of both series have been 
collected. 

Comparison of the values of the ratio p g with 


the two values ¢ and u (see Pq and P ‘) enables 


the conclusion that ¢ * 84 as calculated from the 


slopes of the C, r lines, gives correct results. 
The error, however, is relatively large. 

| 
As demonstrated by the ratio > the values of 
t 


e * ®4 as calculated from r are too small, although 
a relatively much smaller error is made. Therefore 
x as used is too large. The error in « must be 
attributed to an error in r. This error has been 
calculated and introduced in Table 6. It appears 


that in all the experiments the error is almost 


The absorption and the chemisorption of ammonia in a jelly 


the same (mean value 2-8 per cent). It seems 


not likely that this systematic error is caused by 
an incorrect extrapolation only. It will be 
assumed that the error in r is caused by a sys- 
the amounts of 


tematic error inv. In that case 


ammonia taken up by the jelly as found by 


integration of the curves will be too large by 
~ 2-8 per cent. Keeping in mind that an error 
of 2-8 per cent. in r corre sponds to 5-6 per cent 


erf (x DB)’. a 


support in favour of the supposition made is, that 


in x but only to 4 per cent in 


the amounts of ammonia taken up calculated 
from equations (2) and (6) are 2 per cent smaller 
than the values determined by graphical inteyvra- 
tion. 

The systematic error in w is not caused by thre 
use of a faulty micrometer. A possible « xplana 
tion might be the observation that slipping off 
of the rings, by nature of the jelly, caused a small 
jelly into the 


inward displacement of the 


remaining rings. This was possible because the 
jelly was so viscous that small air bubbles wer 
always present in the jelly. The result will be 


taken 


compared with the original situation. 


that the distance as will be larger than 


CONCLUSIONS 


\ jelly containing ~ 4 per cent of carboxy 
methylcellulose behaves like a stagnant liqnuid.”” 
The equations derived for the absorption of a 


component in such a liquid are valid. For 


ammonia as the absorbing component in_ the 
concentration regions used this diffusion coetlicient 
is independent of the ammonia concentration, but 
decreases with increasing amount of ammonium 
acetate. 

The reaction between ammonia and acetic acid 
dissolved in the jelly is infinitely fast as compared 
with the diffusion process. 


kor jellies containing acetic acid the sorption 


of ammonia in the jelly entirely agrees with the 


equations derived for the absorption and chemi- 


sorption, with an infinitely fast second-order 


reaction. 
No rATION 
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Kinetics of pentaerythritol-production reactions 


M. S. Perers and C. R. Cuprr* 


Chemical Engineering Division, University of Illinois, Urbana, Ubinois 5 
(Received 11 July 1058) 
Abstract — The kinetics of the reactions involved in the formation of pentaerythritol were investi 
vated The results show that the aldol condensations leading to pentaerythrose are very rapid 
ind the rate-limiting step is the pentaeryvthrose. formaldehyde Cannizzaro reaction. The rat equa 
tions for both the pentaerythrose formaldehyde and the direct formaldehyde Cannizzaro reactions 
are shown to be re presented satisfactorily as third order Activation energies and rate-constant 
expressions are presented for the Cannizzaro reactions with sodium hydroxide as the base 
Résumé. -Les auteurs ont étudié la cinétique des réactions mises en jeu dans la formation du 
pentaerythritol, Les résultats montrent que les condensations daldol conduisant au pentaers 
throse sont tres rapides la réaction de Cannizaro pentaervt hrose formaldehyde limitant la 
Vitesse. Les equations de vitesse pour les réactions pentaerythrose — formaldehyde et formation 
directe de formaldehyde par la réaction de Cannizaro sont représentées de facon satisfaisante par 
une reaction dorde 3. Les expressions des énergies d'activation et des constantes de vitesse sont 
donnees les reactions de Cannizaro avee la base 
Zusammenfassung Die Kinetik der bei der Bildung von Pentaervthrit auftretenden 
Reaktionen wurde untersucht Die Ergebnisse zeigen, dass die Aldol-Kondensationen, die zu 
Pentaerythrose fiitren, sehr schnell verlaufen und dass der veschwindig keitsbestimmende Schritt 
die Pentaeryvthross Formaldehyd-Cannizaro-Reaktion ist Die Gleichungen fiir die Gesch 
windigkeit der Pentaervthrose Formaldehyd und der direkten Formaldehyd-Cannizaro- 
Reaktion lassen sich befriedigend durch die dritte Ordnung wiedergeben. Aktivierungsenergien und 
\usdricke fiir die Geschwindigkeitskonstante werden fiir die Cannizaro-Reaktionen mit 
Natriumbhyvdroxvd als Base angegeben 
PENTARRYTHRITOL Is an important intermediate can undergo the aldol condensation reaction with 
in the plastics, paint, dye, and explosives indus any aldehyde present provided steric hindrance 
tries \ large amount of information relating to does not rule out the reaction. If there are no 
methods of commeneal produc tion is avatlabl z-hyvdrogen atoms present on the aldehvae 
in the form of patents and in the general litera molecule, it can undergo the Cannizzaro reaction 
ture |, 0, 11}; however, due to the complexity in which two molecules of aldehyae vield a 
of the reactions that may be involved, very litth molecule of an organic acid and an alcoho! 
information has been published on the kinetics molecule. The reaction steps of formaldehyde 
or mechanisms of the reactions [2. 12]. with acetaldehyde are summarized in the following 
In the commercial process, pentaerythritol is equations 
produced an aqueous alkaline medium of 
; Aldol condensation reactions, 
formaldehyde and acetaldehyde. Sodium 
hydroxide or calcium hydroxide are the alkalies HCHO 
(OH 
most frequently used. The general reaction steps CH, CHO > HOCH, CH, CHO © (a) 
are well understood from the standpoint of organic 
reactions. The x-hydrogen atoms of an aldehyde HCHO 
are very reactive, and, in a basic medium, they HOC H, CH, CHO > (HOCH,), CHCHO (b) 
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Give 
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HCHO + 
(HOCH,), CHCHO 


-(HOCH,), CCHO (ec) 
ii ntaervthros 


Cannizzaro reaction, 


HCHO | (HOCH), CCHO 


On (HOCH, HCOO- 


Pentaervthritol 


The only significant side reaction involving 


formaldehyde and hydroxyl ion is the formal 


dehyde Cannizzaro reaction 


2HCHO OH HCOO CH, OH (e) 


In the 


reaction and the formaldehyde reaction to form 


production of pentaerythritol, this side 
aldehyde are only of miportane 
formaldehval concentrations of at 


at 


above reactions 


temperatures 
resulting in the formation of ethers or formals of 
pentaerythritol may also occur if the unneutralized 
mixture ts allowed to stand for an extended period 
of time or if the reaction is carried out at an 
clevated temperature 

The product pentaerythritol is recovered from 


the reaction mixture by crvstallization. Since 


the presence of formaldehvae increases the 


solubility of the product in the reaction liquor 
methods, such as the 


Various promotion of 


reaction (e) by mereasing the temperature have 
been proposed to remove any excess formaldehyde 
remaming at the end of the primary vtions, 
In this study, the kinetics of the primary 
reactions leading to pentaerythritol were investi 
gated with sodium hvdroxide as the alkali. The 
experimental tests were carried out at concentra 
tion and temperature levels such that all sick 
reactions were relatively unimportant ; however, 
kineties of the 


reactions, it was necessary to correct for the small 


im order to obtain the primary 


consumption of hydroxy! ion and formaldehyde 


caused by the formalde hvde Cannizzaro reaction. 


ANALYSIS oF THE KINETICS oF THI 


REACTIONS 
The results of this investigation show that. 
below 10°C, the aldol condensation reactions are 


rapid relative to the pentaerythros« Cannizzaro 


M. S. Perers and R. Cuprt 


reaction. Consequently, by carrying out the 
initial steps of the reaction batchwise at a tempera 
ture near 0 C, it is possible to convert the acetalcde 

before any appreciable 
After all 


the pentaery throse is formed, it is assumed that 


hvde to pontiac rvthrose 


amount of pentae rvthritol is formed, 


formaldehyde concentration and temperature are 
such that only the Cannizzaro reactions (d) and (e) 
Under these following 


occur conditions, the 


reaction-rate equations can be written 


df 

AB (1) 
dA 

k, ABC (2) 
dB 

i ky ABC (B) (33) 


where 4 formaldehyde concentration 
B sodium hvdroxide concentration 


( pentaervthrose concentration 


The preceding rate equations are expressed mn 
the general empirical form normally assumed for 
Cannizzaro reactions 5, 6. They are 
appheable when changes are considered with 
respect’ to concentration [5, 6}. In this work, 
the imitial concentrations used were approxi 
mately constant in the range normally encountered 
ims the 


and the applicability of equations (1) to (3) is 


industrial production of pentaerythritol, 


shown by the agreement with the experimental 
results, 

\ study of the side reaction reveals that it is 
pentaery throse 


is very slow relative to the 


formaldehyde Cannizzaro reaction and can be 
neglected over the time interval used to study 
the pentaerythrose formaldehvde reaction. Under 
these conditions, dA dB dC, 


(1) can be integrated by using the method of 


and equation 


partial fractions to give the following result : 


l 
Ae B,) — Cg) (Cy Ag) 


where Ay, B,. and Cy refer to the concentrations 


VOL. 
LO 


1959 


a 
58 


Kinetics of pentaery thritol-production reactions 


of the respective components at the start of the 


ale 


time interval. 


N 
B 


equation (4) becomes 


Nin X (5) 


\ plot of In XN versus (should vield a straight line 
with a slope of ky, N for any given set of initial 
concentrations of this kinetic analysis corresponds 
to the actual Process, 

of the formaldelhyae 


To determine the 


Cannizzaro reaction on the hydroxy! and formal 
dehwva 
k.. This can be accomplished by considering the 


After all the 


concentrations, it is necessary to evaluate 


formaldehyde side reaction alone 


penta rvthrose has reacted, the con- 


centration of the reaction mixture should follow 
the kinetics of the 


and 


formaldehyae Cannizzaro 


reaction, equation (2) can be written as 


dA 


k, (B) (AP 
dt 


In a manner similar to that used for obtaining 
equation (5), equation (6) can be integrated to give 


where 


In 
1, 


\ plot of P versus ¢ should give a straight line 


(2B, 


with a slope of A,) for any given set 


if initial concentrations if these kinetics are 


followed. If A 


for some of the experimental runs reported im 


2B. as is essentially the case 


this work, the integrated result for equation (6) ts 


and a plot of B-? versus ¢ should be straight line 
with a slope equal to 4h,. 


EXPERIMENTAL EQUIPMENT AND 


PROCEDURI 


Experimental data. which followed the course 


of the reaction. were obtained using an ice bath 
and a constant-te mperature bath. The condensa 
bath 


ard the pentaerythrose formaldehyde Cannizzaro 


tion reactions were carried out in the te 


reaction Was p rformed m the constant-te mipera 
ture bath 
The 


Erlenmever flask located in the te 


agitated, 11. 
bath. and the 


reagents were added to an 


solution mamtamed below 
The 
hvadronxict to 


acetaldehyvae 


temperature wis 


mixture was formed by adding sodium 

solution — of 
After th 
mixing, the temperature of the reaction mixture 
After 


bath, the 


and formaldehyvae initial 
dropp d to almost 0°C in about 30 min. 


one hour of reaction time in the tc 


reaction mixture was introduce d into an agitated, 
three necked, 11. flask in the constant-temperature 
bath. 


A hugh rate of agitation was maintained to 
kinetic 


that were independent of the agitation rate. 


results 
About 


Go mimn were required for the cold reaction mixture 


a homogeneous mixture and 


to reach the bath te mperature . Sample s were taken 
yx riod ally by introducing 25 ml pipette into one 
of the necks, and the the 
reaction mixture was determined by means of a 
necks. 


The samples were placed in 300 mil Erlenmeyer 


sick temperature of 


thermometer inserted in one of the sice 


flasks containing an excess of IN HCl above that 
required to neutralize the NaOH, 
all aldol condensations 
The samples were than 
titrated with IN NaOH to the phenolphthalein 
this the NaOH 
concentration of the reaction mixture was calcu 
lated, NaOH the 
samples were titrated with a NaHSO, — Na, 5O, 
solution that had previously been standardized 
This 
sodium bisulphite solution was approximately 
1-7N relative to HCHO and contained a 
ethanol to 


uncombined 


thus stopping and 


Cannizzaro reactions. 


end-point, From titration, 


Following — the titration, 


against a standard formaldehyde solution. 


small 
The 


concentration of 


inhibit oxidation. 


CHO) 


amount of 


total aldehyde (1.c., 


tting 
a BR, —C, A 
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the reaction mixture was calculated from the 1-30 M in NaOH, 0.797 M in acetaldehyde. and 
results of the sodium bisulphite titration. This 1-14 Min methanol. The methanol was introduced 
procedure gives accurate quantitative results with — the formaldehvae because commercial 
for formaldehyde and acetaldelhyva Careful formalin was used. The 
checks of the analytical procedure for determina hvde reaction was studied = at temperatures 
tron of CHO on pentaerythrose indicates that of OC, 24°C, 31-0°C, and 41°C. 

it gives slightly low results; however, the pro The formaldehyde side reaction alone was 
cedure gives a reasonably accurate method for studied at temperatures ranging from OC to 
following over-all changes in CHO concentra TO ¢ In these tests, formalin, water and sodium 
tion with time hvdroxide were mixed thoroughly in a volumetric 


All the pentaerythritol runs were made using flask and placed im the constant-temperature 


a 5 to 1 molal ratio of formaldelivde to acetal bath Samples were taken and treated in. the 


dehyde and an 8S per cent excess of sodium same manner as those um the iL ntaervthritol 


hydroxide. The excess sodium hydroxide was runs 

hased on the theoretical amount ceeded for 

complete conversion of acetaldehyde to pen Discusston VOL. 

taeryvthritol and complete removal of remaining Phe basic experimental data are presented in 10 
1959 


formaldehvae by reaction. (¢ C onsite rine only Tables and 2 and 2 show il vraphical 


the total weight of water and formaldehwae representation of the data for typical runs. The 
initially present, the amount of formaldehwvae fast imuitial decrease in CHO) content at low 
used was BS per cent by weight These values temperature due to the rapid aldol condensation 
were used because they were recommended by reactions us illustrated im Figs. 1 and 2. The 

investigators [3, 4. 7, 10. 11. 13) and are theoretical analvsis of the results is based on 
compatible with those used = in ommercial dividing the concentration versus tim plots into 
processes. The concentrations, expressed in three distinct sections In the first seetion 


terms of imitial moles |. wer approximately corresponding to a reaction temperature less 
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ric. 1. Variation of concentration and temperature with time for pentaerythritol formation at 30°C (Run No. 3) 


Ho 


| 
| 
° 
a r 
> | 
~ | 
| 
| 
Q 
TIME, 
4 4 
: CANNIZZARO REACTION 
| 
4 


Kinetics of pentaerythritol-production reactions 


Table 1. Eaperimental data for pentaerythritol runs 


Run No. 1 Run No 


Time Temp Naoll ( CHO) Temp NaOH ( CHO) 


(rin) moles moles maith) ( 4 moles l moles 


oo BO) (4-7808) 0 (47808) 
lis 


Put in 30-2 C bath — 6 min 
2008 2-2! required to reach 30 ¢ 
32-5 17008 
7406 27 5 


30-2 
S008 
JSO8 1-OS808 O-4450 
O- 4837 333 6875 


O-1544 


Run No 


Run No. 4 


Time Temp CHO) 
(min) moles | Temp NaOH CHO) 


( moles ‘| moles ‘1 


(1-30) (4+-7S808) 


12844 BOTT 
l 12174 2:-3527 
(Put in 40°C bath). 


Vt te 


l 
1-2 


(Put in 2: 
required to reach 23-5°C) 
19606 
SSS 4 1-806 
O-G154 
10582 
0-009 


JUSS 
tae 

S400 23 5 O-4670 OS446 
S516 224° ‘ 


O5204 


2177 
O-S481 8 O-1825 


0S OS OS OS OS 


than 8 °C and the first hour in Fig. 1, it is assumed — corresponding to the second hour and an average 
that the aldol condensation reactions go to reaction temperature of 31°C in Fig. 1, the pen- 
completion to form pentac rvthrose and a small tacrythrose-formalde hvde Cannizzaro- reaction 


amount of pentaerythritol. In the second section, occurs, and the pentaery throse concentration Is 


— 
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FORMALDEHYDE CANNIZZARO 
SIDE REACTION 


| 
| 
| 


TIME, 


Variation of concentration 


of this section. 
of 
reaction to 


CHO) and 


assumed to be zero at the end 


The last section corr sponds to the 
the 


a slow, but steady. 


only formaldehyde Cannizzaro 


decreas in 


hvdroxy | content. 


Formalde hyde side reaction 


The kinetics of 


reaction was investigated extensive 


Cannizzaro 
at various 
30°C. In 


nvestigators, 


the formaldehvae 
i\ 
and a of 


with the 


concentrations temperature 
work of other 


it was found that the rate constant was a constant 


agreement 


with respect to time but was dependent upon initial 
concentrations. Consequently, in order to obtain 
that the 
work, the kinetics of the formalde 


hye Cannizzaro reaction was established on the 


rate constants would be applicable in 


balance of this 


basis of the experimental data obtained in the 
third section of the concentration-tim plots. 
Equation (7) or (8) can be used to establish 
kinetics of the 
of the 
pentaerythritol run presented in Fig. 
that the of 


essentially twice the concentration of the sodium 


the 


Examination 


formaldehyde side reaction. 
experimental data for the 
l 


formalde 


shows 


concentration was 


temperature with time for pentaerythritol formation at 


(Run No. 1) 


when the pentaervthrose reaction was 
comple ted ; therefore, equation (3) appli s in this 


case and a plot of (B)? versus ¢ should be a 


straight line. The reaction rate constant ky can 
be determined from the slope of the line. Figure 3 
is such a plot for the pentaerythritol mixture at 
30.2°C, 


(8). were made for the other temperatures at which 


Similar plots, based on equation (7) or 


the reaction was studied, and straight lines « qually 
Reaction 


rate constants were evaluated from the slopes of 


as good as that in Fig. 3 were obtained, 


the straight lines, and the results are presented in 
Table 3. 
type plot for the 


Figure 4 (line 1) presents an Arrhenius- 
reaction rate constants deter- 
mined from the data obtained with the pentaery 
thritol 
reaction 


mixture. The activation energy for the 
3.645 cal 


The resulting equation for k, is 


side is 23 gmole as evaluated 


from Fig. 
23,645 


ky 
RT 


$85 10° exp moles (9) 
Rate constants for the formaldehyde Cannizzaro 
at 
concentrations and temperatures with no pen- 
both 


reaction were also obtained various initial 


taerythritol present. In every case, using 
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Table 2 


2. Experimental data for formaldehyde Cannizzaro single-reaction runs 
Na 12001 M CH,OH (initial) 114M 
H,0 ‘3-0 M HCHO (initial) 3-98 M 


Time 


NaOH HCHO 
moles moles | 12 moles? hr=! 


(min) 
(3-7448) 
(3-6664) O-O00824 


11663 
Y389 
7383 0-220 


777 (2-246) 


2750 1-SS76 


(2-0637 ) O-OS37 
2-3037 


(244153) 


7135 
Bolo O-240 
2151 (11-7684) 


5523 


equations (7) and (8) for the analysis, the activa 
tion energy was the same, but the frequency factor 


depended upon the initial concentration. The 


pentaerythritol or initial acetaldehyde was 


present, are shown in Fig. 4 (line 2) for comparison 


to the case when pentaerythritol was present. 
results of experimental tests at identical initial The fact that 
concentrations, with the exception that no 


the expected kinetics for the 
tormaldehyde side reaction is obeyed and_ the 
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15 
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bn } Kinetic analysis of data from pentaerythritol run at 30-2°C showing 


appheability of equations (6) and (8) for formaldehyde Cannizzaro reaction 


activation energy is ince ndent of concentration Table 3. rimental values f reactioi rate 
supports the assumption that only the formal constants for pentaerythrose formaldehyde 


dehvde Cannizzaro reaction takes place n the last Cannizzaro reaction (k,) and formaldehyde 


section of the concentration-tin Cannizzaro reaction (k,). 


mM HCHO (initial) M 
CH,CHO (initial) M 


ky Ty mp hy 


(1? moles * hr!) (2 moles hr!) 


sor y > O-OLOSS 
the 2 Oh 


Pentaerythritol-formation reaction 
2 (i) 
No* The pentaerythrose-formaldehyde Cannizzaro 
H30 
HCHO 398M 3984m in the formation of pentac rvthritol. Consequen 
CH3CHOONITIAL) = OM O7968m 


reaction was found to be the rate-controlling step 


tly, no attempt was made to evaluate rate 


constants for the rapid aldol condensation. 


1 i J 
34 The kinetic analvsis for the pentaerythritol 


yuo Ce formation reaction is based on the application ot 


Arrhenius plot for formaldehyde Cannizzaro CqQuation (5). To use this equation, it is necessary 


reaction to evaluate 4A, Band C at various times during 
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the second section of the concentration-time plot. Plots similar to Fig. 5 were prepared for the 
The value of B is given directly from the experi- pentaerythritol reaction at other temperatures, 


mental data at time ¢. The rate constant &, is and values of the reaction rate constant k, were 


much larger than k,, and the effect of the formalde- determined from these plots. The results are 


hyde Cannizzaro reaction can reasonably be 


neglected during most of the pentaerythrose 


reaction ; however, the formaldehyde side reaction 


must be considered in evaluating C, because C \ 


(SLOPE) (N) (60) 


kK, = 7446 mole? tr 


approaches a limit of zero. Accordingly, the 


07 
following procedure can be used to determine 
the instantaneous values of C and A: oe 
x 
Combining equations (1), (2) and (3), and os 


expressing the result in difference form gives 


(10) 


AC=AB 


AB 


AA 2 (BA?) At (11) 


70 80 65 00 05 100 
Because A A is small relative to A at any time, TIME (rnin 


equation (11) can be simplified to AA A B. Fic 


Under these conditions, the values of A, B and formaldehyde Cannizzaro reaction at 31°C showing 


Kinetic analysis of data for pentaerythrose 


C at any given time can be calculated by the applicability of equations (1) and (5) 


stepwise procedure illustrated in Table 4, and a 


plot of In X versus ¢t, in accordance with equation 
(5), can be prepared, A plot of this type for a tabulated in Table 3. The Arrhenius-type plot 


reaction temperature of 31-0°C is presented in of the resultant values of the rate constants is 


Fig. 5. It can be seen that the expected straight presented in Fig. 6. From Fig. 6, the activation 


line relationship is obtained. energ for the pentaerythrose-formaide hyde 


Table 4. Method for evaluation of concentrations and terms in equation (5) based on run 38. 


Tempu rature 31°C 7-5 10-41? moles~? min-!. 


t B AB At 1 


moles /1. (min) moles | 


moles | mules 


(min) moles /1. 


1-000 


O-0035 O-1481 


0-1537 


O-O585 O-4750 


O-OS 16 


81-62 


O-O3564 


80-62 00-6452 00-0253 0O-3128 


O-0056 O-O224 


0-0280 


00-0029 0-0856* 


105-00 


OSI 


0-0080 


120-00) 


15402 By 00-9320 O-3018 \ 2-1067 


is not included on Fig. 5 because C is close to zero and equation (5) does not apply for this condition, 


Ay 
*This point 
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Arrhenius plot for pentaervthrose formaldehyde 


Cannizzaro reaction 


Cannizzaro reaction 1s 22.800 cal/mole and the 


equation tor the rate constant is 


22 


RT 


k, 1-82 10" exp 1? moles -*hr-! (12 


Yields 

By observing the change in hydroxide concen 
tration and making a correction for the formal 
dehye side reaction, the yield of pentaerythritol 
in solution can be calculated. On the basis of the 
experimental data for Run 3, the corrected 
change in NaOH concentration is 1-300-0.6092 
0.0210 0-670 from time zero to the time 
indicated by c 0 Fig. 1. The per cent 
conversion of initial acetaldehyde to pentaery- 
thritol therefore is (0-670,0-7968) 100 84.1 
per cent. Approximately the sari Vie lds 

0-5 per cent) were obtained for all runs in 
which the reaction mixture was held at 0°C until 
the pentac rythrose was formed. 

The similar yields obtained for different pen- 
tac rythrose reaction temperatures ndicates that 
side reactions involving acetaldehyde, with a 
resultant decrease in ultimate vield, occur 
during the aldol condensation steps. One possi- 
bility is the acetaldehyde aldol condensation with 
itself. This possibility was checked by making 


several runs in which the acetaldehyde was added 


slowly to a mixture of formaldehyde and sodium 
hydroxide at OC, 


formation reaction was complete, the final 


After the pentaery throse- 


Cannizzaro reaction to produce pentaerythritol 
was carried out at 80°C. The calculated vield in 
solutions under these conditions of continuous 
low acetalad hyde concentration was 90-6 per cent. 
The observed increase in yield supports the pro- 
posal that some of the yield losses in the 
production ot pe ntaerythritol can be due to side 


reactions in the rapid aldol condensation reactions. 


SUMMARY 


Investigation of the kinetics of pentaerythritol- 
formation reactions shows that the rate of the 
aldol condensations leading to pentac rythrose 
is very rapid and the rate-limiting step is the 
pentaerythrose-formaldehyde Cannizzaro reaction. 
Under concentration conditions equivalent to 
those used in industrial operations, the rate of 
the pentaerythrose—formaldehyde reaction to pro- 


duce pentaerythritol can be represented as 


d |(HOCH,),) 
dt 


ky (HCHO) (NaOH) [(HOCH,), CCHO | 


and the rate of the formaldehyde Cannizzaro 


reaction can be expre ssed as 


d (HCHO) 


k, (HCHO)? (NaOH) 


Experimental data verify the preceding equations. 
The observed values of the rate constants show 
that the reaction producing pentac rythritol is 
much faster than the formaldehyde Cannizzaro 
reaction even at low concentrations of pentaery- 
throse. Analysis of the “in solution” yields of 
pentaerythritol based on the amount of acetal- 
dehy charged indicates that side reactions 
during the rapid aldol condensation reactions can 
be one of the causes for vield losses in the produc- 


tion of pentaerythritol. 
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NOTATION 


formaldehyde concentration (subscript 0 
refers to start of time interval) mole 
sodium hydroxide concentration (subscript 
0 refers to start of time interval) mole 


pentaerythrose concentration (subscript 0 t 
A 2B, 


refers to start of time interval) mol 
perfect gas law constant, cal 


mole 
mole 
mol 


reaction rate constant for pentaerythrose- Comme 


formaldehyde Cannizzaro reaction PF /moles*® hr temperature 


a 
reaction rate constant for formaldehyde \ | B 
B 0 


Cannizzaro reaction 2 /moles® hr 
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Absorption of iodine vapo 
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\bsorption of iodine vapour into seve 


Abstract 


a cise type laboratory colums The rption 


controlled, under all conditions ir stivated, for 


sulphate, hydroxide, or todick 
ind sodium sulphate solutions porectalble 
The dat btained ar f «a t value om the 


characteristics are known in tert 


utilisant une colonme a La 


gazeuse, dans toutes les condit s comsiderces | 


hydroxide ou todure de sodiur Pour les autre 


apprechabl Les données obtet s sont directem 


opérationnelles sont co 


Zusammenfassung In ciner Laborkolonne 


Joddampf in verschiedenen wiisse en Absorbent 


ergab sich dei allen Versuchsbedingunyen als nur vo 


die Natriumsalze von Thiosulf livdroxvd 


licher Ubergangswiderstand in flussiven Phase 


Die Ergebnisse sind direkt endbar zur Be 


gungen in Ausdriicken der Vhasenkoeflizienten be 


INTRODUCTION 


LODINI absorption and desorption is ot interest 


in nuclear reactor technology from at least three 


aspects. lodine 131 ts widely used as a hiological 


tracer and methods of recovering it from irradiated 


metal have been described il, 2}. 
iodine 13! and 134 


vapours into the atmosphere must be kept to low 


uranium 


Emission of radio-active 


limits owing to the tendency of this clement to 


concentrate in the thyroid gland. Cases therefore 


arise where it is nec« ssary to s rub iodine out of 


gaseous effluents with a high degree of etliciency. 


Also. since iodine 135 isa pre cursor of xenon 135, 


one of the most serious of the thermal reactor 


* poisons,” the removal of this isotope from 


nuclear reactor systems employing liquid fuels 


may become important [3, 4). 


For some applications, where the iodine is a 
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kistablishment 


ress Lid. Londen. Printed in Great Britain 


ur by aqueous solutions 


AYLOn 


Harwell 


July VO58) 


ral aqueous absorbents has been studied using 


rate was found to be completely gas-phase 


ibsorbents containing the sodium salts of thio 


With the other liquids used, namely water, sodium tetrathionate 


1- phase resistance to transfer was apparent 


design of equipment for which the operation 


ph ise coefficients 


Résumé |oalsorption de vapeur diede par différents absorbants aqueux a été étudiée en 


vitesse Cabsorption est controle par la phrase 
wour les absorb ints contenant les thiosulfates, 


s liquides utilisés, a savoir, eau, solutions ce 


tetrathionate de sodium et de sulfate de sodium, la phase liquide produit une résistance au transfert 


ent utilisables au calcul de lappareillage pour 


nnues, en fonction des coeflicients des phases 


om Scheibentyp wurde die Absportion von 
nuntersucht. Die Absorptions geschwindigkeit 
nder Gasphase abhingig, wenn die Absorbenten 


r Jodid enthielten. Bei Verwendung anderer 


Flissigkeiten wie Wasser, Natriumtetrathionat- und Natriumsulfathosungen, wurde ein betriicht- 


vefunden. 
rechnung von Apparaten, deren Arbeitsbedin- 


kannt sind. 


nuisance material to be eliminated from the gas 
stream, reaction with solid beds has been used 
(5, 6). In the extraction of iodine 131 from 
uranium fuel elements, the following methods of 
absorbing iodine vapour have been used : bubbling 
through sodium hydroxide [1] and sodium thio- 
sulphate solutions [8], contacting with refrigerated 
water in bubble-cap towers, and scrubbing with 
sodium hydroxide solutions (1). 

lodine is extracted from oil-well brines by a 
process based upon the desorption of iodine 
liberated from the brine into air, followed by 
absorption into hydriodic ‘sulphuric acid solutions 
[9]. Absorption into sodium hydroxide or 
carbonate has also been proposed [10], 

Thus, a certain amount of practical experience 
is available on the absorption and desorption of 


iadine vapour by aqueous solutions, but there 
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appears to be no published information on the 


fundamental behaviour of these processes. The 


results of the present investigation prov ide some 


basic data for such systems. 


I EXPERIMENTAL METHODS 


(a) Choice of absorber 

In the scrubbing of active iodine from gaseous 
effluents the activity level may be very high and 
the operating conditions corrosive, so that plant 
with the simplest of working parts Is favoured. 
Packed towers are suitable equipment from this 
point of view. For small-scale studies, however, 
it is not possible to build models which behave 
in a manner exactly analogous to that of full-scale 
(11). Moreover effective 


absorbing surface area of packed towers cannot 


packed towers 
be measured directly. and it varies between wide 
limits even when elaborate precautions are taken 
[12]. the 
column [13] in which liquid undergoes some degree 


STEPHENS and Morris devised dise- 
of mixing as it proceeds down the column and thus 


the packed 


tower. This apparatus has the following advan- 


approximates to behaviour in a 


tages; the absorption area is known and _ is 
essentially constant ; the coeflicients obtained are 
independent of column length ; relatively small 
phase throughputs are required ; and it is particu- 
studying absorption with 


larly suitable for 


chemical reaction. 


(b) Calibration of absorber 


Full details of the calibration of the present 
dise-column have been given previously [14] as 
the results were of some interest in themselves. 
Relevant the 
chain of 60 roughened pyrophyllite dise (0-574 in. 
0-175 in. thick) of total area 0-348 ft®; 
mean perimeter for liquid flow: 0-121 ft; chain 
diam. gas 


dimensions of column used are: 


diam., 


channel ; 
0-050 ft. 


held centrally in a lin. 
[13] for 


Absorption of carbon dioxide into water was 


equivalent diam. gas flow: 
used for determining the liquid-phase character- 
istics of the column, and absorption of dilute 
the 


made in 


ammonia gas into water for gas-phase 


characteristics (allowance being this 


latter case for a small liquid-phase resistance). 


the results of STEPHENS and 


a break-point, coincident with the 


In contrast to 
Morris [13] 
inception of rippling of the liquid on the dise-edges, 
was found in the liquid-phase coefficient (k,) 
this 


expressed in terms of the general relationship of 


versus rate correlation ; was 


liquid 


SHErwoop and : 


m 


k, (40 


where, for I" 155 |b/hrft; « 58-0: m 


and for [ 155 Ib/hr ft: 1:94; m 1-0 


For gas phase behaviour the results are best 
correlated in terms of the relative velocity between 
phase s rather than the absolute gas velocity [13] . 
data for both counter- and co-current flows may 
incorporated in 


be satisfactorily relationships 


similar to those of Morrts [15] 


p Dy 


v.p 


155 lb hrft: 
155 lb hrft;: 8 


0-151 
0-043 


for 
and for [ 


whe re, 


The calibration curves have been reproduced 
as lines in Figs. 10, 11 and 12 for comparison 
with the present investigation (though they have 
been adjusted by the diffusivity factors indicated 
in the figures in order to simplify the presentation 


of the iodine data). 


(c) lodine absorption assembly 


Aqueous solvent flowed from a_ reservoir, through 


control valve, rotameter, and tube heater, into the column. 
After 
passed through the sampling point and flow measuring 
feed 


sampling point the liquor lines were of glass, with stainless 


flowing down the absorption element the liquid 


point to an active-waste carboy. From vessel to 


steel control valve and tube heater of nickel. 


For the gas stream, air at room temperature was 
metered through a calibrated rotameter and passed into 
a mixing vessel where it was saturated with water vapour 
and, if necessary, heated. For the runs at higher tempera- 


tures a considerable volume of water vapour was intro- 
duced and the gas flow rates were calculated allowing for 
this, and for the increase of volume with temperature rise. 
The air temperature was reduce d to the required value by 
control of the cooling water feed-rate to a condenser and 
the precipitated water re moved from the gas stream in a 
Pressure drop through the wet 


eyelone separator. 


+4 
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sintered dises in the generator and in the cleaning trains 
was considerable, so that in order to retain atmospheric 
pressure in the column it was necessary to apply appreciable 
pressure on the inlet side and vacuum on the outlet side. 

From the cyclone to the absorption trains the gas 
channel was of glass and was heated t the required 
temperature, along the lines by electric heating tape and 
in the column by water jacket. As the jacket walls were 


of glass the working of the columm could be kept under 


observation at all temperatures. On leaving the evclone 
the gas stream passed through the iodine generator and 
counting chamber, and into the column. Having traversed 
the column the gas proceeded through one of two iodine 
trapping trains. The first merely disposed of active iodine 
as a safety measure the second train was switched 


in for a timed interval to provide an analysis of the outlet 


gas stream under equilibrium conditions 


(ad) lodine generator 


Elemental iodine spiked with '*! [ was liberated chemic- 
ally at a predetermined rate in the iodine generator and 
was swept away with the air stream passing through. Check 
was kept on the iodine content of the gas entering the 
column by means of a gamma scintillation counter, 
working a “ No. 1021 radiation monitor. This system 
provided a visual means of showing that the iodine content 
was being maintained at a steady value of the correct 
order 

The method of generation was to feed aqueous solution 
of potassium iodide at constant rate into a solution of iodi 
acid and dilute sulphuric acid. lodine liberated by the 
reaction : 


51 10, 6H? 3H,0 


3 aq)’ 
(giving a 6: 5 dilution ratio of isotope), was then removed 
from solution by the air stream bubbling through. The 
iodide-iodate reaction in acid solution is known to be 
rapid and the isotopic exchange between iodine and iodate 
ion extremely slow [16], so that the iodide activity intro 
duced to the generator is immediately carried out with the 
iodine vapour without the complication of side-reactions 
The iodide feed mechanism consisted of a pipette piston 
driven by a weight falling at a controlled rate. lodine 
concentration in the vapour was calculated from that of 


the potassium iodide feed solution and it was therefore 


necessary to demonstrate that the two were exactly 
proportional under operating conditions The feed 


mechanism was found always to expel liquid at the rate of 
1-20 + O-O1 ml/min irrespective of time and the position 
of the piston in the cylinder 

For the generator to run under steady-state conditions 
with respect to its free iodine content, no solid iodine 
could be permitted to precipitate out from solution 
This requirement might have severely limited the range of 
iodine gas concentrations available. With the generator 
containing 100 ml of water, 6 ¢ of iodic acid and 3 ml of 
sulphuric acid, it was found that, under all the conditions 


R. F. Tayior 


of gas rate and temperature used here, iodine was not 
precipitated if its concentration in the air stream did not 
exceed one fourth of saturation value. The generator 
system came to equilibrium within one to three minutes 


under the present working conditions. One run was 


attempted at an iodine vapour concentration of 


7s 10 and in this case about half of the liberated 


0 
iodine remained in the generator. The rate of transfer of 
generator liquid to the column in the form of mist was 
found to be 0-0017 ml min at the highest gas rate, which 


would have insignificant effect on the absorption process, 


(e) lodine trapping and analysis 


The iodine generator and the sintered-dise absorbers 
were of similar basic components with different fittings. 
Thev consisted of evlindrical glass vessels about 14 in. 
high with 90mm diameter sintered glass dises placed 
an inch above the bottom, With 50 ml of trapping solution 
in one of these absorbers, fed with a gas stream containing 
iodine, the material passing forward from the trap (pro- 


bably largely as spray) was a follows 


Gas rate, ft? hr 12-7 170 74 119 
feed material passing 
through trap 2 it) 


Two absorbers in series thus provide a quantitative 
trap at all these gas rates 

\fter each run the contents and washings of the quanti- 
tative absorbers on the gas outlet stream were separately 
made to 100ml and counted for beta-gamma activity 
This was performed on exactly 10 ml of solution using a 
Geiger-type liquid counter (halogen filled). The usual 
count-rate corrections were made and the necessary 
allowance made for the influence of high solute concen- 
trations upon the count-rate as determined experimentally. 
Counting the activity of the iodide feed to the generator 
gave the relationship between count-rate and iodine 
concentration. From this equivalence the iodine concen- 
trations in the solvent and gas outlet streams could be 
derived. From these data an iodine balance across the 
system was made and an over-all absorption coefficient 


evaluated. 


(f) Operating procedure 


Potassium iodide solution spiked with !! 1 was made up 
to the required concentration and drawn up into the 
iodine feed reservoir. The active iodine used was IBS.1 
of the Radiochemical Centre [8], in which carrier-free 
131] is in the form of sodium iodide in 0-01M sodium 
thiosulphate, and as less than 0-1 ml was used per run 
the influence of the thiosulphate on the generator system 
was negligible. 

With the apparatus completely assembled and charged, 
the air flow was started and the outlet gas passed through 
the iodine disposal train. Solvent feed was turned on and 
the air flow gradually increased while the column pressure 
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was maintained at 1-2cm of water gauge above atmos- 
pheric. The various supplies were now adjusted to the 
required settings and the iodide feed mechanism turned on. 
Readings were taken periodically on the various meters. 
Towards the end of the 30 min running time, which per- 
mitted 
even the lowest flow rates, a liquid sample was taken, 
liquid 


many complete throughputs of both phases at 
followed by a gas outlet sample and two more 
samples. The gas outlet was sampled by switching to the 
To keep 
trapping liquid on the sintered dises a by-pass switch was 
cracked to 


After sampling, the run was closed down. 


analytical train for an exactly timed interval. 


maintain the necessary gus pressure 


just 


(g) Physical data on iodine systems 


Lodine behaves as an ideal gas to within 
4°, [17] The 
molecular diffusivity of iodine in air has been determined 


vapour im air 


its viscosity is given as 156 up at 20 C ils 


[19] as being 0-080 em? /sec at which agrees with 


values determined in nitrogen [20) and values predicted 


by the empirical correlations of Morris and Jackson [13] 
and that of GILLILAND 
The 


sick rably 


solubility of iodine in water is low [17] and con- 


less again in concentrated solutions of sodium 


sulphate [21]. Very 
molecular diffusivity of iodine in pure water. 
12 ¢ 


little information is available on the 


gave a value of 0-6 10-5 em? /see at for 0-1 molar 


solution presumably containing alkali iodide, and Miiver 
10-5 /see at 20°C 


that in 


[233 derived a value of 0-06 


Hydrolysis of iodine in water is so small [24 
of chlorine the available driving force 


contrast to the case 


for absorption is not influenced significantly Iodine 


dissolved in aqueous alkali iodide solutions gives rise to 

tri-iodide ions and the equilibrium constant fi 


has been determined [25]. 

lodine back-pressure from the iodide solutions used 
here was only just significant. In homogeneous reaction 
the rate of consumption of iodine in sodium hydroxide 
concentration but is 


Under 


solutions is proportional to its 
decreased by the presence of excess alkali [26 
present conditions the mechanism of the complex reactions 
taking place does not enter explicitly into the results 
obtained. Reaction between iodine and thiosulphate ion 
is so fast that it may be regarded as virtually instantaneous 
in the present context, though its kinetics have been 


studied in some detail [26). Although tetrathionate ion 


is usually regarded as an end-product of this reaction it 
does react very slowly with iodine [27 

No information on the equilibrium distribution of iodine 
between air and water could be found in the literature so 


the data were determined experimentally as follows 


lodine equilibrium determinations 


If checked by approaching equilibrium composition from 
both sides, the dynamic method is capable of producing 


accurate results and was chosen as being convenient for 
the present work. 
The 


contactors 


based on the sintered 


One 


equipment used was 


dise mentioned previously. was used 


as the equilibrium cell in which air was drawn slowly 


through the 
iodine content determined by total trapping and chemical 


aqueous inactive iodine solution and its 


some runs the air was taken straight from 


analysis. In 


itmosphere, in others it passed first through another 


contactor containing a similar iodine solution at twice the 


concentration. By this means equilibrium contacting was 


performed with iodine-weak gas in some runs and with 


iodine-rich gas in others, and if, in fact, equilibrium was 


not attained in the main chamber the values obtained by 


the two methods would differ Results given in Fig. 1 
Table 1 that no 


the data 


and show sivnificant difference exists 


so that epted as equilibrium values. 


Od ¢ 


may 


Temperatures were maintained at 20-0 and the 


through is considered to be known 


The 


and at this flow rate the gas pressure in the cell was 11 mm 


gas volume drawn 


> 


within 0-2 per gas drawn through was 1 1/hr 


cent. 

Hig be low atmospheric 
A check carry-over 

olatile that the 


transferred by spray to the trap was 0-25 per cent of that 


made on spray using 


non-\ form, indicated amount of iodine 


transported as vapour. Transfer and sampling of volatile 


iodine solutions were made under pressure to minimize 


Similar equilibrium deter 


lIs2g 


iodine losses to atmosphere 


minations were made using as the absorbent 


checks it was found during preliminary equilibrium runs 


grade sodium sulphate in water. Despite previous 


that free iodine at low concentrations was being destroyed 


Fic. 1. Equilibrium curves for distribution of iodine 


between air and aqueous liquids. 
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Table 1. Equilibrium data for the distribution of iodine between air and aqueous liquids. 
ater 


lodine conc, in i 
Mean Working liquid mg 1,1 Vol. air lodine Press. iodine (z) 
Presaturator temp press passed in trap ~ ow (1.) (atm) 
used (mm Hg) End Mean (1.) (mg) (mm Hg) 


No 762 219 221 200 3-62 0-130 24 10 
No 761 1O4 105 2-00 0-0655 22 10 
Yes 2 749 79-9 79-2 2-00 O-0495 22 108 
Yes 748 24-6 244 14 SSS 10 
No : T46 5 0) 0-0058 108 
No : 745 51-8 O-OS21 10 


Sodium sulphate solution (182 2/1.) 


lodine conc. in il 
No Mean Working liquid mg 11 Vol. air lodine Press. iodine (a) 


presaturator temp press passed in trap in air 


used ) (mm Hg) End Mean (1.) (mg) (mm Hg) 


(1.) (atm) 


15-3 5-6 1-00 0-0368 102 


1-20 253 O-O158 
S18 32-0 0-0271 10? 


by such solutions. This behaviour was first noticed with in the diffusion cup, and an error 1) per cent 


a sulphate solution (182g 1.) which had stood in a arising from iodine loss to air space in the mixing flask, 


stoppered glass bottle for several weeks and in solution but no correction was made for thes« the equilibrium 
with iodine for 2 days; it appeared to consume approxi data are based on comparative measurements of vapour 
mately 40mg iodine 1. The fresher solutions used for and liquid activities derived from the same original 
absorption runs were checked and found to consume solution, and as the equilibrium curves are linear this 
13mg iodine /1. ; newly made solutions consumed type of error is not reflected in the final results. The 
0-8 mg iodine |. For these reasons the sodium sulphate equilibrium data obtained are given in Table 1 and Fig. 1. 
solutions were made up and mixed with iodine solutions 
immediately before use. The capacity of the fresh sulphate 
solutions appears to be too small to influence the equilibrium 
determinations markedly, and in the absorption work 
where the period of exposure ts short. the effect should 
be negligible. 

For the equilibration work on such solutions (in which 
the solubility of iodine is very low) active iodine was 
used and a modified procedure adopted, both in order to 


associate a known concentration of iodine with a certain 
AIR SPACE op 


level of activity without introducing contaminants (such 
F TOTAL VOLUME 


as KI), and to reduce to a minimum the time that iodine 
and sodium sulphate were in solution together before use 

VIGOROUSLY STIRRED SO 
Liberated iodine activity was introduced to the mixed sea “ ED oy 

VTAINING KNOWN Al 

solutions by vapour-phase diffusion from a cup suspended DINE AND SODIUM SUL 
for a certain time in limited air space above the solution 
in a sealed flask (Fig. 2). A sample of the resulting solution MAGNETIC STIRRER 
was counted and the activity level taken as a measure of 
the total iodine concentration. The calculated concentra- Fic. 2. Method of introducing iodine activity, free of 
tion had an error 0-2 per cent due to iodine carrier extraneous matter. 
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Absorption of iodine vapour by 


(i) Physical properties of absorbent solutions 


Of the various solutions used, those containing up to: r 
20 g/1. of thiosulphate, 12-1 g/l Nal, 3-2 g/l. NaOH, or | 3 PHAT | 
35/1. of Nay 4! ve have specific gravities and viscosities 
within 1 per cent of that of water. Relevant properties - 
Y 


of the other solutions used were determined as necessary. 


Il. ExperRiIMENTAL RESULTS 


lodine vapour was absorbed into several slash & 


aqueous solutions, as shown in Table 2. 


Reagents were of analytical reagent grade and the water 323 

was demineralized and distilled. Sodium thiosulphate at _ 
20 g |. of pentahydrate was taken as an arbitrary standard 2 
absorbent. The hydroxide and iodide solutions were used 
at molar concentrations bearing a simple relationship to 
that of the thiosulphate 12 3-5 g/l TE 

OL. The solutes used fall into two distinct groups as indicated a pop : 

10 in Table 2 above In the first group solute was present = es ‘= = 

59 which reacted rapidly with iodine, whereas in the second 
verv little. if anv. reaction took place. This distinction 


is reflected in the results shown in the histogram of Fig. 3. , F ; 
——E a si Fic. 3. Histogram showing influence of solvent used on 


where over-all absorptic n coeflicients for the various solu 
overall coeflicient. 


tions are compared under effectively standard conditions Temperature 20°C except (9) 27°C. 


The influence of the indicated variations in wetting rate Gas feed 7-8 10-3! : 7 


Gas velocity 7°25 ft sec. 


was negligible ; solvent (9) was used at 27 ¢ and is more 


directly evaluated below 
Values corrected to relative velccity 8-4 ft/sec. 
nticipating results given below, absorption into solvents 
Liquid rate [274 lb/hr ft except (2) J 301 
of the first group (1 to 9 in Fig. 3) exhibited purely gas . 
(8) I 346 
phase control and the value of the absorption coefficient : 
(9) I 328 
was essentially constant Absorption into solvents of the 


second group (Nos. 10 to 13) was considerably slower and F 
showed signs of appreciable liquid-phase resistance to o that 0 and Ke ke : solvents of 
transfer. In terms of the standard re lationship have value thy practs ul emportance, 
and this coeflicient is used in the presentation of results. 


l 
Ka kg Ith, 


(3) (a) Solvents exhibiting purely gas-phase control 


Dependence of the overall coefficient (Kg) upon liquid 


solvents of the first group have negligible liquid-phase rate was found to be very small for absorption into 


Table 2. Absorbent solutions. 


Solute Concentration m Tempe rature Gas feed conc. 


g 1.) a 


water { 


Sodium thiosulphate 20 and 200 20, 32, 50 (O-O78 to TRO) 


Sodium hydroxide 0-16 to 323 20 7-8 


Sodium iodide 12-1 20 73 
Sodium hydroxide 

Sodium sulphate 230 | ad si 
Sodium thiosulphate exhausted with iodine 20 20 78 


Water 
Sodium tetrathionate 0-35 and 3-5 20 7-8 
Sodium sulphate 180 20 7-8 


- « 323g No OH 
oh 
73 
2 


This 


suggests that most of the resistance to transfer lay in the 


thiosulphate, hydroxide and iodide solutions. 


“a dependence on 


gas phase and this was confirmed by 
relative velocity between phases the same as that for ke 
in the calibration work. Fig. 4 shows the small influence 
of liquid rate upon the over-all coeflicient for these solvents 
(the 


influence of the relative velocity bet ween phases). 


additional 
A plot 


of the present results in the manner suggested by Hasiam 


values are adjusted to eliminate the 


(|28)] confirms that the liquid-phase resistance was « xtremely 
small compared with that of the gas phase [31 
relative 


Dependence of the over-all coefficient upon 


Morris 


velocity between phases is demonstrated in Fig. 5. 


tfand Fic. 5 


Over-all coeflicient vs liquid rate. 


. sodium thiosulphate (all concentrations) 


sodium hydroxide (3-2 g 1.) 


TEMPERATE 


Fic. 6 and Fre. 7. 
Fic. 6 
Effect of temperature on over-all coefficient 


20¢ 1. sodium thiosulphate sol 


gas feed 7-83 x 10-9" 1, 
Relative velocity 8-4 ft 
ft sec @ 
5-7 ft see 
ft sex 


Points on any one line corrected to a common velocity 
For all lines kgau 18 
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\bsorption into thiosulphate, 


Absorption into 20¢/1 


and JACKSON [13] recommend for packed towers that the 
relative velocity between phases should not be taken as 
greater than 1-3 times the gas velo ity, in order to allow 
for non counter-current conditions of flow at verv low yas 
This 


correlation (Fig. 10) it 


velocities caused by back-mixing. procedure is 
adopted here and in the final 
applies for a few counter-current runs at the lowest gas 
In the present curve the slopes and the break-point 


plot 


rates 


agree with those found in the ke calibration 
(see Fig. 10) 

Data in Figs. 10 and 11 show that the dependence of the 
coeflicient upon T and v was the same at 50°C as at 20°C. 


The influence of temperature upon the absolute value of 


hydroxide and iodide Solutions 


Over-all coeflicient vs. relative velocity. 


sedium iodide (12-1 4.) 


Solid symbols: co — current flow 


INCE NTRATION IN 


thiosulphate. 
Fic. 7. 


Influence of gas composition, 


2oc 274, relative velocity 8-4 ft/sec 
wc 274 S-4 ft sec @ 
we 274 4-5 ft/sec 
weer 274 ft/sec 

r 70 ft 


< 

a 

Fc 

LIQUID RATE T, itd 30° 40 BO 

ATIVE VELOCITY V, ft/sec 

Fig. | 

3° | | 
2 
= 
4 WS FEED (v/o] 
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ke is shown in Fig. 6, where data determined under a 
variety of operating conditions are given. To allow for 
the influence of te mperature and other factors upon phase 
velocities, the points plotted on any one line are corrected 
to a common relative veloc itv. Between 20°C and 50° 
the coeflicient increases by a factor 1-19 and the curves 
represent the relationship : ke & 8. This is to be 
contrasted with the prediction of Morris and JACKSON 
13) that across the same temperature rise kg will decrease 
by 5 per cent, 

At 20°C the highest practicable concentration of iodine 


in the gas feed was 7-8 10 g: about one fifth satura- 
tion value. At 50°C it was possible to use 78-3 1e-"?/,., 
and in addition runs were performed at 20 C using feeds of 
0-78 10-7 and 0-078 Results are presented 


in Fig. 7, where only those points bearing the same svmbol 
are directly comparable. Variation in gas composition 
over the thousand-fold range from 0-00008 to os! 


iodine has no detectable effect on kg. 


(b) Solvents exhibiting some liquid-phase control 

As absorption into solutions containing either sodium 
thiosulphate, iodide, or hydroxide was found to be con 
trolled solely by gas-phase conditions, it was decided to see 
if the liquid phase resistance became significant for 
absorption into pure water. The solubility of iodine in 
water is low, the degree of hydrolysis very low. and the 


rate of hydrolysis is unknown. Morris and Jackson's 
[13 criterion, has a value of 8-9 10>", which 
HP 


lies in the range where they sugyest the resistance of 
both phases may be significant. Iodins solubility in the 
water used, was found to be 0-208 at 21-2 
which agrees with values in the literatur: 

\ few runs were made using a solution of sodium 
tetrathionate in water because slow reaction between this 
material and iodine has been reported [20 The rate 
constants are so low [27] however that absorption theories 
predict no difference from physical absorption [20]. This 
prediction is borne out by the experimental results, 
(calculations were based on th assumption that equili 
brium data are as for water, which is reasonable in view 
of negligible reaction and the low concentration of elec- 
trolyte). Laboratory reagent grade sodium tetrathionate 
was used containing 1-6 per cent water and no thiosulphate. 

Results of the pure water and the tetrathionate runs 
are very similar and they have been plotted together 
(Fig. 8). From the experimental value of Ke and the 
value of kg under comparable conditions. Hk, was derived 
(equation 3), and with /7 known (Fig. 1) ky, was evaluated. 
Fig. 8 shows a plot of k, versus I’, where the break point 
at J’ = 155, and the exponents of 0-4 and 1-0 upon J’, 
agree with those in the calibration plot for purely liquid- 
phase control (see Fig. 12). 

(c) Concentrated electrolyte solutions 


High concentrations of electrolyte in solution will 
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FICENT &, 


PHASE 


Fic. 8. Absorption into water and te trathionate solution. 
Effect of liquid rate on liquid phase coefficient 
vas feed 7-8 9 I, 
gas velocity 7-25 ft se 
water 


35 gm_ 1. sodium tetrathionate 
20° 


increase the liquid-phase resistance and perhaps influence 
the overall coeflicient, by lowe ring the physical solubility 
of the 
liquid. However, absorption into concentrated thiosul 


gas and by reducing its diffusivity in the 
phate and hydroxide solutions gave results very similar 
to that into dilute solutions. To check upon this matter 
a few runs were made using a solution of saturated sodium 
sulphate as inert electrolyte with dilute sodium hydroxide 
as reactant. Some results of these runs are given in the 
plot of Fig. 9 which shows that the values of the coefficient 
(kg) are enhanced, not lowered, by the addition of sodium 
sulphate. The difference between the solvents increases 
with rising liquid rate 

This increase in the gas-phase coeflicient may arise from 
the higher ce nsity of the sodium sulphate solution. The 
rippling [14] of a liquid of high density may well create 
greater turbulence in the gas phase and higher transfer 
rates. Elevated values of ke were not obtained with 


( 
concentrated sodium hydroxide solution of density 1-3 


> 
+ 
- = 
- 

ivf 

x 
x 


ric. 9 Absorption into solution of 323 2/1. sodium 
hydroxide plus 230 g/l. sodium sulphate. 
Overall coefficient vs. liquid rate 
gas velocity 7-25 ft /sec 
temperature 27 
all values corrected to relative velocity 8-4 ft /sec 
Broken line derived from combined data for thiosul- 
phate, NaOH, and Nal at 20°C corrected to 27 


by factor 1-07. 
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but here the very high viscosity (7-5 cp.) may have an 


overriding effect 


In view of these results it was thought desirable to 


examine absorption into solutions containing sodium 


sulphate ablome For this series of runs at 20°C. an unsa 
turated solution of sodium sulphate was used, containing 
taken from Fig. 1 and 
sulphate Results of 
final correlation of Fig. 12. In 


coell 


Equilibrium data were 


Ke values from the hvdroxide 


these are 


of a plot of ky versus I’, the 


included in the 
ients are much 


ter, the 


tertns 
less than those for absorption into pure w ratio 
addition of high 


lihute 


being about 2-7 Thus, whereas the 


concentrations of sodium sulphate to sodium 


hydroxide increases the overall coeflicient to a small but 


significant extent, in the case of water alone the sulphate 
addition causes a very marked decrease in this coeflicient. 
ATION OF EXPERIMENTAI 


Il. Corres 


RESULTS 


(a) Gas- phase COt ficients 


Absorption into solvents of the first 


group 
(Nos. 1 to 9 in Fig. 3) gives over-all coeflicients 
equal to the gas phase coeflicient k,. Dependence 
relative velocity and 
the 


water calibration curves. 


of these coetlicients upon 


liquid rate therefore shows same general 


features as the ammonia 
With suitable allowance for the physical properties 
of the 


the k, values for ammonia and iodine 


two gases, an exact correlation between 


might be 
The general relationship (equation 2) 
indicates that, for dilute 


temperature, the only factor of difference between 


Xp ote d. 


gases in air at one 


the two systems is the molecular diffusivity of the 
solute gas in air. Thus a plot of kg/D,,"" versus 
flow rate for the two systems should be coimcident. 

This type of plot is shown in Fig. 10, where, to 
simplify the presentation, k, for iodine has been 
given directly and the ammonia results adjusted 
by the required factor (D, D,)**. 
for variations in temperature and liquid rate have 


Corrections 


made according to the correlations given 


Avreement between the iodine data and 


been 
above. 
the calibration curve is enough to use 
the latter as the 


Under the 


(ss) 


whe re for i 


precise 
basis of a general correlation. 
conditions studied : 


Ibmoles ‘(hr)(ft®)(atm) 


0-23 and m 0-45 


and for v > 3-6; 0-18 and m — 0-67 

\ similar over-all correlation of results showing 
the dependence of kg upon liquid rate is given in 
Fig. 11. are 
allowed for by use of the relationship kg « v®®, 
few 


Variations in relative velocity 
and in order to use this simple form the 
3-6 ft 
correlated by 


results at 1 sec have not been included. 


The data 
ke 


0.49 Poe? 


are the relationship : 


lb moles, (hr) (ft*)(atm) 


20 


~ ft/sec 


10. General correlation of experiments on effect of relative velocity on gas-phase coeflicient. 
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BROKEN NE S AMMONIA AL 'BRATION 


CURVE MULTIPLIED By Factor( 


WIQUID RATET, (here 


liquid rate on yus-phase coeflicient. 


Key to Fig. 11. 


System Temp. 4 Flow Symbol 


Thiosulphate all 


concentrations 20 counter 


counter 


MO counter 
20 CO- 
NaOH all con 
centrations 20 counter 
20 cCO- A 
Nal all con- 
centrations 20 counter 
20 Vv 


This curve diverges from the ammonia calibra- 
tion plot at the higher liquid rates—-in this particu- 
lar case the iodine curve is probably the better 
established. 

For v > 3-6 ft, see the iodine results at 20°C 
and the ammonia calibration data may both be 
correlated in terms of the general dimensionless 
expression of equation (2), where, using the mean 
of the results for both systems, the value of the 


constant may be taken as: 


8 = 0-102 


(6) Liquid-phase coefficients 

Plots of k, data should fall on the corresponding 
‘alibration curve if the necessary adjustment for 
physical properties is made. For the dilute 


absorbents the adjustment is a simple one 
analogous to that used for the kg correlation. 


General correlation showing influence of 
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WATER 
SODIUM TETRATHIONATE 
10.5 SODIUM PHATE 
] FULL LINE SS CARBON DIOXIDE 


RVE 


Fig. 12 General correlation of liquid phase 
coefficients for iodine systems with carbon 


dioxide calibration curves. 


Inspection of equation (1) shows that for such 
solutions at one temperature the values of ky 
for the physical absorption of iodine and carbon 
dioxide should differ by the factor (D,, De)", 
where D represents the diffusivity of the solute in 
water (MILLER’s value being taken for iodine). This 
type of plot is effectively represented in Fig. 12. 
The correlation used is based on the dimension- 
less relationship of van KREVELEN and Hortiszer 
[7], which corresponds to a generalized form of 


equation (1) modified by the inclusion of a length 


term. 
pe 1/3 n 0-5 


This term represents the thickness of a falling 
film in laminar flow, and is included here to allow 
for the differences in flow behaviour between the 
water-like liquids and the concentrated Na, SO, 
solution. 

Correlation of the water and tetrathionate 
data with the calibration curve (full line) is 
reasonable, allowing for the multiplication of 
experimental errors in deriving k, data from 
overall coeflicients. As the falling film thickness 
does not differ between these systems equation 
(1) is obeyed, the break-point being at Re 260. 

Correlation of the sodium sulphate results is 
less straightforward ; the data appear to lie on a 


? ALIORATION = 
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related curve, dependent again on Re®* at low 
flow rates and Re?® at higher ones, but displaced 
towards the “ origin,” finally joining the upper 
part of the calibration curve. 

If the water, tetrathionate and pure sodium 
sulphate results are plotted in terms of k, versus 
rr. two independent curves are obtained. The 
water and tetrathionate data fall on a curve having 
slopes of 0-4 and 1-0, with a break point at 
a: 155; the sulphate curve appears to have a 
break at the same value of I and to be parallel 
to the first curve. Values of k, for sulphate are 
considerably less than for pure water, the ratio 


being about 2-7. 


(c) Overall coefficients 

Calculation of over-all coefficients is straight- 
forward for most of the absorbents used here, 
for thin-film type of absorbers when the gas and 
liquid-phase characteristics are known. For 
absorbents Nos. 1 to 9 the over-all and gas-phase 
coeflicients are identical and may be derived from 
k,, data for other dilute gases in air by means of 
factors similar to the one used in Figs. 10 and 11. 
For water, pure or containing low concentrations 
of inert electrolyte, the liquid phase coctlicient 
may be calculated directly from the equipment 


phase-characteristics and compounded with ky by 


use of equation (3) to give the over-all! coetlicient. 


With a high v iscosity liquor in a system « xhibiting 
some liquid-phase control (as in the pure sodium 
sulphate runs) an empirical factor may be 
necessary in estimating k, at the lower liquid 


rates, 


(d) Dise-column absorber 


The general correlations of k, for iodine 
absorption given here can be regarded as a 
substantial confirmation of the gas-phase charac 
teristics of the column as determined previously 
[14, 15}. On liquid-phase coetlicients the data 
obtained are not extensive and the iodine system 
is not conducive to precise results. However, for 
dilute aqueous solutions the dependence of k, 
upon Re®* and Re'®, with a break-point at 
Re 260, as found in the calibration work, has 
been confirmed. There is some dilliculty in 
correlating results satisfactorily when absorption 


TAYLOR 


into liquids of high viscosity ts included. This 
arises from the influence of liquid propx rties 
upon the inception of rippling [14] and therefore 
upon the break point in the ky, versus flow rate 
curve. To elucidate this type of behaviour fully 
would require much work and it might be pre- 
ferable to modify the column so as to move the 
break point outside the flow rates of practical 


interest 30}. 


IV. APPLICATIONS TO Process DeEsIcGn 


With re 


containing alkali thiosulphate, hydroxide, or an appreci 


gard to the absorption rate of iodine, absorbents 
able concentration of iodide are equally eflicient. Reaction 
with thiosulphate is extremely rapid and the absorbed 
iodine exists entirely in the state of iodide ion, but the 
solutions tend to precipitate sulphur on standing. In 
sodium hydroxide solutions the iodine is not all in one 
form though it should be quantitatively liberated on 
acidification Under the conditions used the gas- and 
liquid-phase coeflicients were of the same order for absorp- 
tion into pure water Therefore, if any substance is 
added to the water giving an irreversible reaction with 
iodine, of reasonable rate and with non-volatile products, 
a tendency to gas-phase control will result 

The vapour pressure of iodine in solutions containing 
excess alkali iodide is rather low but in most absorption 
applications the back pressure is required to be zero, and 
the formation of poly-iodide ions avoided, though there 
are important exceptions [9]. For other solvents in which 
the solubility of iodine is very much greater than in water 
for example many organic liquids, the absorption rate 
would be expected to be gas-phase controlled 

Decrease of iodine vapour concentration will tend to 
further gas-phase control and will therefore not influence 
those systems already solely controlled by that phase 
In applications where much higher concentrations of 
iodine arise in the was, there is the possibility, with any of 
the absorbents, of the liquid-phase resistance becoming 
siynificant At 100 C the solubility of iodine in air is 
about one hundred times the highest concentration used 
here. However, the present work shows that the liquid 
phase resistance is negligible even when increased several- 
fold by the addition of high concentrations of electrolyte 
It therefore appears that, for the absorption of iodine from 
saturated air at 100°C into a fast reactant of requisite 
concentration, the gas-phase resistance will probably 
be significant and perhaps still controlling 

Although the vapour pressure of iodine over its pure 
aqueous solutions is considerable, water can still be a 
valuable absorbent in some circumstances [1]. The 
apparent interaction between iodine and concentrated 
sodium sulphate solution could be of some relevance to the 
operation of desorbing low concentrations of iodine from 


electrolyte solutions 13, 
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NOTATION 


d diameter of gas channel, ft M,. mean molecular weight of gas mixture 
D, molecular diffusivity of ammonia in air, ft®/hr p — partial pressure, atmospheres 
De molecular diffusivity of carbon dioxide in water, Pauw logarithmic mean partial pressure of inert com- 
ft? hr ponent in gas phase, atmospheres 
D,= molecular diffusivity of iodine in air, or in Re Reynolds number, (4 I°/x), dimensionless 
water, according to context, ft? hr Se Schmidt number, (4 /p Dy), dimensionless 


Dy molecular diffusivity, ft® hr 


temperature, 
Hi solubility coefficient, Ib /(ft®) (atm) 
t relative velocity, ft) sec 
ke gas-phase absorption coeflicient, 
Ib moles (hr) (ft?) (atm) 0 volume percentage 
hy liquid-phase absorption coellicient, coefficients 
Ib moles (hr) (ft?) (Ib mole /ft*) ft hr r = liquid wetting rate, Ib/(hr) (ft of wetted peri- 
Ke over-all mass-transfer coefficient, on gas-phase meter) 
concentration basis, Ib ‘moles /(hr) (ft®) (atm) molecular dynamic viscosity, lb /(hr) (ft) 
empirical constants p = density, Ib /ft® 
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Abstract— It is shown here how 


generalized model in which the dead-water pocket length is continuously distributed 
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Diffusion and reaction in flow systems of Turner’s structures 
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TurNer’s analysis of flow 


Printed in Great Britain 


Edinburgh* 


lugust 1958) 


structure may be extended to a 


\ solution 


of the integral equation is given in the form of a definite integral of which the integrand may be 


constructed graphically. The 


Péclet number for the 


two models is then calculated. In Model 1 


its reciprocal is the sum of one term due to the diffusion in the pockets and another to diffusion 


in the lowing channels. In Model 2 the 


and to the mixing of streams of different flow rate 


reaction are considered in the two 


Résumé 


étre étendue a un model 


dune facon uniforme Une solu 
lintégrant peut étre construit graphiquement 


modéles 


et dun autre dd a la diffusion dans les canaux qui les suivent 


sont dus a la diffusion dans ces canaux et au mélange courants d'un débit différent 


la diffusion simultanée et une 


Zusammenfassung 


ein verallgemeinertes Modell ausdehnen kann 


two terms are due to 


models and it is shown how the 


L‘auteur a montre comment Fanalyse de Turner, de la structure dun écoulement peut 


montre comment le rendement peut étre calculeé. 


diffusion in the lowing channels 
Finally simultaneous diffusion and first-order 


vield can be calculated 


generalise dans lequel la longueur de la poche d'eau stagnante est répart ic 
tion de lintégrale est donnée sous forme d'une integrale définie ot 
Le nombre de Péclet est ensuite caleulé pour deux 


Dans le modéle I son inverse est la somme d'un terme dd a la diffusion dans les poches 


Dans le modéle 2 les deux termes 


Finalement 


reaction du ler ordre sont considérées dans les 2 modéles et il est 


Ks wird gezeigt, wie man die Analyse eines Stromungbildes nach TURNeER auf 


Linge emes Totwasse zirkes kon 


tinuierlich verteilt ist. Kine LOsung der Integralgleichung wird in Form eines bestimmten Integrals 


angegeben, dessen Integrand graphisch dargestelit werden kann 
Im Modell 1 ist ihr reziproker Wert die Summe zweirer Ausdriicke 


der beiden Modelle berechnet 


Wieterhin wird die Pécletzhal 


von denen der eine von der Diffusion im Tot wasser-Bereich und der andere eine der Diffusion in den 


folgenden Kanilen herriihrt. In 


folgenden Kaniilen und von der Mischung 


Schliesslich wird das gleichzeitige 


G. A. Turner [4] has recently shown how the 
frequency response technique may be used to 
analyse the flow structure in a packed bed in 
terms of simplified models. His Model! 1 assumes 
that connected with each flow channel is a certain 
distribution of dead-water in which diffusion but 


no flow takes place. It is shown that the propor- 


tion of dead-water attributable to pockets of 


given length may be calculated from the frequency 
response. His Model 2 is a distribution of channels 
of different radii and length in which diffusion 
and flow take place and again the volume attribu- 


table to given radii and lengths may be found. 


*Present address : 


Minneapolis 14, Minnesota, U.S.A, 


Department of Chemical 


der Stromlinien 


\uftreten von Diffusion und einer Reaktion 1 


wie man dic 


beiden Modellen betrachtet und es wird gezeigt, 


Engineering, 


Modell 2 stammen die beiden Ausdriicke von der Diffusion in den 


verschiedener Geschwindigkeit 
Ordnung in den 


Ausbeute berechnen kann 


The frequency response of any bed may be so 
analysed though the bed itself may appear very 
different in The 
analysis will be valuable to the extent to which 
the 


chosen, and it may then be used for prediction 


structure from either model. 


lengths and radu have been realistically 
of other properties of the system. 

The purpose of this paper is threefold. Firstly, 
it is shown how the arbitrariness in the choice of 
the lengths of dead-water pockets in Model 1 may 
be removed, by generalizing this model slightly 
the 


Secondly, the apparent diffusion coeflicient of a 


and solving resulting integral equation. 


Institute of Technology, University of Minnesota, 
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Diffusion and reaction in flow 


bed with generalized Turner flow structure ts 
calculated. Thirdly, the problem of simultaneous 
diffusion and first-order reaction in these models ts 


conside red, 


A or Turner's Move. 1 


In his paper, TURNER considered that associated 
with unit length of the channel of cross-sectional 
area a there is a volume x of dead-water pocket 
of length If 8 x./a, B the 
of dead-water in pocke ts of length 
Wi 
attributable 

dl is 8 (1) dl. 


is clearly volume 


unit volume of channel. will 
that the 
pockets of length between / and / 


Then 


suppose 


to 


r 


here relative volun 


is the ratio of the total dead-water volume to that 
of the 
The frequency response of this svstem may be 


thr 


chanmne Is. 


way as 


that 


analysed in exactly san on 


ol 


Ti RNI KS paper the 


occurring is replaced by 3(/) dl and summations 
with re spect toy by integrations with re spect to 
l. Then with the same notation as TUrNeRr (which 
at the of this 


his 


have in 


(19) the 


is given end we 
oft 


integral equation 


r) 


place simultaneous equations 


2D). 
angular frequency of sinusoidal input, 
diffusion coetlicient in the pockets, 
from the 


a function determined 


phrase lag and amplitude decay 


sinh 2 wl 


2w l cosh 2 w l 


sin 2 


(i. 


COS Ww 


One method of obtaining 


solution of this integral equation would indeed 


an approximate 
he to convert it to the simultaneous equations of 
TurNer’s paper. It happens however that his 
equation can be solved and § obtained from yu 
the of The 


somewhat mathematical but for practical purposes 


in form an integral. derivation 1s 


svstems of Turner's structures 


the solution bn reduced to the following 


formula. 


may 


is RreMANN’s zeta function. 


in which these functions are listed 


is the order in which 
only M and N 
sequence also | nds itself to graphical evaluation. 


th 


they must be obtaimed for 


are known beforehand; this 


from determined 


the 


Firstly experimentally 
and sine integrals m (5) 


function 


mav be calculated for a number of values of 


These can best be plotted as complex numbers 
and S (1 


th 


in a diagram in which ¢ are abscissa 


and ordinate it will have form shown in 
Kig. 1. the 
radius about the 
factor in (6) is a point on this circle subtending 
1: Bil 


/ so that this pomnt can be found for any 


same diagram a circle of unit 


origin is drawn and the second 


being evaluated for given 
The 
mav be found graphically as follows. 
D the point (1,0), 4(C ( 


7 v log log T l). draw a 


an angle v log 7 
point (2, T 
If O is the 
S(v)) and B 
line OK through O making the angle BOD with 
OA: draw a circle with centre O through A and 
to this the pomt EK. E is (2.T 
the 


modulus 
argument 


origin, 


(COs Siti 7 


meet line in 


since mm (6) second factor has unit 


log 7 l and this construction has 
iS by this 


and 
simply increased the argument of ¢ 


If the curve M N (7 


amount, is also drawn 


in this plane the integrand can also be constructed 


: 
q 
C (v) iS (v) 
COS U2 vz, dz 5 
+i T iS (v)} 
and 
» 
LO dl (1 
59 cos (47 log 2 sin log 2 = 
q S COS if ) 
| 
be i 
au (w | w')dl 
“ } wre w 
D 
3) 


R. Aris 


Fig. 1 Construction for the integrand in (4) 


Let F be the point of this curve 
value of v. FD. OU 
FOD and so. that 
Drop the perpendicular GH from 


graphically. 
with the 
so that GOK 
GEO FDO. 
G on to the real axis then OF is the 


same Join Draw 


value of the 


integrand im (4). 


DiFFUSION IN TURNER’S MODELS 


In this section we calculate the Péclet number 


for packed beds of Tr RNER S models. This Is 
detined as Pe UL bp 


velocity of tlow, L length of 


coetlicirent 


where mean 
bed. Is the 
This apparent 


caleulated by the 


apparent diffusion 


diffusion coeflicient will be 


following theoretical experiment. An infinitesi 
mally short burst of tracer is fed into the bed and 
the the 


exit 1s well-known, see for 


resulting concentration-time curve at 
calculated. It is 
example [2] or [5], that the 
time is LU and the 

2D*L Thus if t) is the 


mecan of re sidence 


variance of residence times 
concentration 
then 


at the outlet and c(L, t) dt 1. 


. 


¥ 


| te (L, t) dt L/U =L/U, 


L US t)dt 


and Me 2 (9) 


Moreover these quantities may be easily calculated 


from the Laplace transform 


x 
. 


¢ (L, t) dt. as is shown in [2). 


Model | 


The concentration ¢ (2, t) at a distance z from 
the inlet and at time ¢ is governed by the following 


equations. For diffusion and tlow in the main 


channel we have 


(10) 
dt 


where q average concentration in the pockets. 
For the pocket of length | we have the equation 
distance y 


for y,(y,t), the concentration at a 


from the mouth 


O at y 
OY 


\t zero time there ts no tracer in the system so 


(z, 0) (13) 


9) 0 


and for the bed as a whole we have the inlet 


conditions 


(14) 


0 at (15) 


Taking the 


‘quations 


Laplace transformation of these 


and denoting this by a bar, Le. 


e t) dt, we have for 7, 


4 =éaty=0 
dy 


whence é cosh (1 — y) cosh (16) 
VD VD 


be 
| 
. 
‘a 
a. ‘ & ‘ 
2 
ot 
Na 
a ] ) 
c= 6() atz=0 
€ (2, p) | 
0 
82 
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The average value of 7, over the whole pore 
thus 


ftanh m where o 


ly p dD 


and since a volume 8 (1) dl is of pockets of this 


length the mean concentration in the pockets ts 


dz? 


(18) 


The main features of this equation will best be 
seen if we consider first the case of a very long 
bed. for as L + « the transformed conditions 
(14) and (15) may be taken to be 


With these conditions the solution 


Ul 


é(L, p) EXP 


It is shown in [2] that this equation yields the 
required moments immediately by expansion 


of the exponent as a function of p. In fact 


UL 
2D 


Whence 


l 
| Pal! (22) 


UL B(l)P dl (23) 


This shows that it is the mean square length of 


pocket which alone affects the overall diffusion 
in the bed. 

We also have from (21) that the mean time 
of residence is (L/U) (1 8) so that a measure- 
ment of the mean and variance of the exit con- 
centration will give 8 and the mean square kk noth 
of pocket. Naturally from two measurements 
only two quantities can be calculated, so that 
this method of analysis is not as complete as 
the frequency response. This analysis can be 
made very rapidly and accurat ly however and 
vie lds two quantities of interest. The solution 
of the equations under the conditions (14) and 
(15) vields the following result. Again p, L 
(1 ») I! but writing Pe for UL /D the formula 
(23) for the Péclet number must be corrected 


slightly 


Pe) (24) 


BDL (I 


This correction term is never greater than 4, 
and it tends to zero mort rapidly than the main 


terms as L > OD. 


Model 2 


This model will also be generalized slightly. 
Let the parallel! channels be of different shapes 
denoted by a sullix s(s 1, 2,...8) and of the 
s‘" shape let there be n, (1. r) dl dr channels whose 
lengths are between / and [ dl and whose 
areas are between and + dr)?; is thus 
the radius of the circle with the same area. If P is 
the pressure difference between the two ends of 
anv one channel the mean velocity of Poiseuille 


flow 1s 


l) 


where ff is the mean viscosity and € a shape 
factor defined below. The longitudinal diffusion 
eoellicient in the channel will be taken to be the 


Tay lor diffusion coetlicient 


(=) = 4 (26) 


where D is the molecular diffusion coelficient ; 


| 
| 
: Substituting this in equation (10) gives 
di 
| 
| 
Pe Pi 
+ ng | BR dl 
of (18) ts a 
(20) 
} 
| wD 
» ft Q(p) (21) 
| P | 
L 
i p+ 3 
| 
dD 
: Pe =(1-4 ge! (1 -+- 
UL 3 
D 
83 


the additional term D established 1) as usually 


we 1 
neghoitble, though it might be imeluded at the | dl n, (r. (330) 
expense of a little extra labour 
Mh shape factors & and kK may be calculated 
as follows Let A denote the irea of the cross | | | 
section of the channel of shape id ¢ j 
ts boundary It md y (temporarily) denote 
the co-ordinates in. the domain B oof the cross For channels of the singk species (s.r. /) we 
section rendered dimensionless b ividing by have to solwe the following equations for the 


\ { then w 7 satistics§ tl equation 


tiv rctiont j | sutistios 


quation solving these by the Laplace transform and 


\ then thy is tar as p* we have 


i? 


mits «cle 


cthu 


I! tive simpler boundary conditions for a very 


long channel (19) are taken then the third term 


in thy coctheorent aol bv vlected this 


we will do for the moment and include it later 


Kaquation $23 only to the channel of 


One species The total concentration iw the 


weighted mean of such eXPressions the weight 


| tots nal bewns the relative volun flowing mm the channel 
Thus writing lor the mean residence time in 
the whole bed and recalling that for any species 


Me 


lr a contirms the expected result that the mean 


residence time is the ratio of the free volume of thy 


at tiv otal volun llowing is bed to the flow rate. 


tin equatrons \ itt on ¢ 
iweraging we have if 
he 
‘ 
« | | \ f by Gauss’ the w it 10 
1959 
Only on the metry of 
| 
r. j jy j H . . 
| 
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The coetlicient of } p*? in the expansion of ¢ the 


mean concentration Is jy 2 where pa. is the _(r) dr eis the mean square radius of the s' 


variance, thus 


: , shaped channels weighted according to their con 


| dl | dr | 


i\pP 
I'wo remarks may be made here. Firstly if there 


tribution to the free volume. 


is a sensible proportion of tubes which ar quit 
short the third term in (33) becomes significant. 
When this term is included the right hand sick 


of (B38) must be diminished by 


Secondly wi rve that Th RNERS mode! 
obtaimed from this SHIP TLS by disregarding shaypx 


and setting 


oH 


the double integrals ther beconn doublk 


where | throughout In this connection we observe that 
Turner's equation (29) fixes the constant « as that 
for circular tubes : to be consistent this would also 
fix his constant &€ as 8 according to the Potseuill 


Law for circular tubes 
mav mention that, were there any 


moentive to do so. would possible to combine 


and both models, 


is proportional to the mean area of all channels 
ofl shay 


Thu 
fhe analvsis of simultaneous diffusion an 


t nave bye 


| reaction. when steady state conditions 
Pe “le DHe 


established. follows so ly the solution of T 


that it Is possibl to 


transformed equations 


The first term in this expression is due to the it quite briefly. We suppose that the solute of 
mixing of streams having different residence times, concentration ¢ is being destroyed by a first-order 
it will be small when the range of / and ris small,  "* tion at a rate ke Thus the steady stat 
In fact it is zero as we should expect if there is equation of flow in a channel ts 


only one size, shape and length of channel. In 
the second term we may replace lV He by 
C L where C is the mean linear velocity of the 
stream calculated on the free area of the bed and which is of exactly the same form as the trans 
L is the total length of bed. Thus this term formed unsteady state equation with & playing 


takes the form DL) where the role of p 


pel. 
2h ir 
ont 
» 
oH [ 
i 
yal 
LU where €.\/ «(rl dl 
} 
q q q 
STON REACTION ‘ rut 
STEADY STATI 


Model l. 
Let A ly then the concentration Setting 8 (1) tanh A dl A}. (40) 


ma pocket of length i satishes 


the equation for reaction and flow in the channe! 


Is 


with the same boundary conditions as before 


VD 


cosh 


and since the area of opening of pockets of | noth 


is i)di i per unit volume of 
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rate at which the reactant iw dest 


pun ke ts 1s 


D| Let \ k* D and UL /D. Then 
ad 
é /y= equations (41) and (42) yield 
bA)? exp Pe 
2A) sinh $A) (1 $A)? cosh Pe tA)? 


This function is shown in Fig. 2 wher » 8s plotted against Pe for various A, 


Dependence of on Pe and 3 Contours of ¢; 


R. Arts 
* 
k- 
= 
“ay 
= subject to the conditions 
D Ue = Ut, 0 (42) 
el, the total 
0 
| \ i | \ \ 
\ 
\ 
‘ \ \ 
\ 
\ \ > 
Pe A 
| 
is 


Model 2. 

The problem for any one tube of length /, 
diffusion coetlicient D, and velocity U, 
by equation (43) if we put A—kD, UZ 
(k, D) x, and Pe Ul (pvp, P)= Let 


x, T 


Is solved 


the result of substituting these values in (43) be 
a function C,(r,1), then since a volume V, (r, 1) 


dr dl is contributed by such a tube the mean 


concentration at the far end is 


@ « 


2 J dr | (r, 0) 


‘0 e=i 
0 
Vea 


To assist in the evaluation of this integral (which 
in TURNER'S model would be a finite sum) Fig. 3 
is given showing contours of C in the plane of the 


reaction number A and the Péclet number Pe. 


NOTATION 


a cross-sectional area of channe! 
‘ concentration of solute 
€ inlet concentration 


exit concentration 

Cc ratio ¢, ¢g for any channel 

D — diffusion coeflicient in pocket 

D = diffusion coeflicient in channel 
D* = apparent diffusion coefficient in bed 
H total bed volume 


k first-order reaction constant 
k* modified reaction constant (40) 
l pocket length 
l length of rt species of pocket 


total length of bed 
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= functions in (4) 


number of channels of J, r, s species 
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pressure drop across bed 
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R.M.S. radius of s*” shape channel 
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time 

velocity in channel 

mean velocity of stream 

variable in (4) 

volume flow rate through bed 
volume flow rate through channel 
length from mouth to pocket 
lenyth along channel 

volume of pockets of length + 

volume of deadwater/volume of channel 
volume in pocket of length / 
volume in pocket of 1, 
concentration in pocket of length / 
Dirac delta function 

voidage of bed 

voidage due to species of channel 
detined by (36) 

Riemann’s zeta function 

function defined by (3) 

shape factor (26) 

k* D/t?* 

ly k/D 

experimentally determined function 
mean and variance defined by (8) 
viscosity 

differentiation along normal 

shape factor in (25) 
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frequency of inlet concentration wave 
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Abstract In this work the kinetics of the absorption of CO, by caustic solutions have been 
investigated lo this end, the rate of CO, absorption by a laminar jet and by laminar falling 
film was measured. In the first se, the contact times were very short which permitted to operate 
under conditions where the ! ption can be interpreted as a diffusion of CO, into the liqquid 
cccompanted by a rapid pseudo first-order reaction. From these experiments the reaction velocity 
constant between CO, and OL ns could be derived for KOH, NaOH and LIOH solutions up 
to ZN at 20 ¢ In the experis ents in the wetted wall column, the situation was approached where 
the absorption rate was determined by the diffusion of CO, and OH to a narrow reaction zéne 
where a rapid second-order reaction between CO, and OH> occurs. The results of these measure 

ments agreed well with the theoretical prediction. For the correct interpretation of the measure 

ments great care had to be taken with respect to the hvdrodymanic conditions and to the values of 
the physical properties involved such as the “ solubility und diffusivity of CO, in reacting solu 


tions and the diffusivity of OFL” tons in the liquids 


Résumé On a étudié la cinetique d'absorption de ¢ ©, dans des solutions alcalines en mesurant 
la vitesse Cabsorption de ce gaz dans un jet laminaire et dans un film tombant en régime laminaire 

Dans le premier cas le temps ce ntact ctait trés court, cequi permettait de réaliser des conditions 
ou Pabsorption peut étre interpretce comme diffusion de CO, dans le liquide accompagnée dune 
reaction rapide et monomoleculaire en CO,. On a pu obtenir de ces experiences la valeur de la con 
stante de vitesse de la réactix ntre CO, et OIL pour des solutions de KOH, NaOH et LiOH 
ivant une concentration jusqu’a ZN a 20 ¢ Dans Pabsorbeur a paroi mouillée de telles conditions 
etaient approchees que la vitesse dtsorption était déterminée par la vitesse de diffusion de CO, et 
de OH vers une zone étroite, o8 se produit une réaction rapide et bimoleculaire en CO, et On 

Les résultats de ces mesures se montraient en bon accord avec les predictions théoriques En partic u 
her on s'est applique a obtenir les conditions hydrodynamiques correctes et a employer les valeurs 
justes des proprictés physiques mime ta solubilite et le coeflicient de diffusion de CO, dans 


les solutions reagissantes et le coeflicient de diffusion des ions OH dans ces liquides 


Zusammenfassung -In dieser Arbeit wird die Kinetik der CO,-Absorption in alkalischen 
LAsungen untersucht. Hierzu wird die ¢ 0, Absorption durch eine n | iminaren Strahl und eimen 
laminaren Rieselfilm gemessen. Im ersten Fall waren die Kontakzeiten sehr kurz. so dass man 
unter Bedingungen arbeitete, bei denen die Absorption als eine Diffusion von CO, in der Fliissigkeit 
unter Begleituny einer schnell Pseudcreaktion erster Ordnung betrachtet werden kann 
diesen Versuchen konnte die Reaktionsgeschwindigkeitskonstante zwischen CO, und OH lonen 
ibveleitet werden und zwar fiir KOH-, NaOH- und LIOH-Loésungen bis zu 2N bn i 20 Bei den 
Versuchen in der Kolonne mit benetzter Wand werden Verhiiltnisse angenihert, unter denen dic 
\bsorptionsgeschwindigkeit durch die Diffusion von CO, und OL -lonen zu einer engen Re 


iktionszone bestimmt werden konnte, wo eine schnelle Reaktion zweiter Ordnung zwschen CO, 


yut mit der Vorausberechnung 


und OH iblauft Die Ergebnisse dieser Messungen stimmen 
tiberein. Fir die korrekte Interpretation der Messungen waren die hvdrodyvnamischen Bedin 
vungen und die Werte der physikalischen Eintlussgrossen genau zu beachent, niimlich die Loslich 
keit und der Diffusionskoetlizient von CO, in den reagierenden Losungen und der Diffusions- 


koeflizient der OLl--lonen in den Flissigkeiten 
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Absorption of CO, in jets and falling films of electrolyte solutions, with and without chemical reaction 


1 INTRODUCTION 


Tuts paper ts concerned with mass transfer 
phenomena in the liquid phase under conditions 
where unsteady diffusion and chemical reaction of 
the absorbed gas near the interface play an im- 
portant part. In absorption experiments the 
influence of the gas phase resistance can be elimin- 
ated by the use of a pure gas; in that case the 
rate of absorption depends only on the conditions 
in the liquid phase. 

Two sets of factors influencing the absorption 
rate of a pure gas into a liquid may be dis 
tinguished, those of physicochemical and those of 


Here, the 


emphasized so 


nature, physico 


that the 


hydrodynamical 
chemical factors are 
absorption experiments were pr rformed under well 
with laminar 


both 


detined hydrodynamic conditions 


falling films and laminar jets. In cases a 
constant amount of fresh liquid surface is created 
of which each element remains in contact with 
the gas during the same time r. 

Under certain conditions, absorption measure 
ments obtained with falling films and jets may be 
interpreted by means of the theory of unsteady 
state diffusion in a stagnant liquid. This * pene 
tration theory, as it is frequently called, has 
already been applied in 1877 by WropLewsk! 
[1] for the diffusion of a 


applications to moving liquid surfaces and its 


gas into a liquid. Its 


modifications as a result of chemical reaction in 


the liquid phase have more recently been dis 


cussed by many authors [2, 3, 4}. 

The present investigations are conce rned with 
the absorption of CO, in inert and also in caustic 
solutions. The main points of the theory wall be 


summarized in the next section. 


SUMMARY OF FORMULA! 


DirrUSION AND ReacTION 


STAGNANT Liquip 


vas A 


Consider the transient absorption of a 
into a semi-infinite stagnant liquid which may 
contain a chemical c« mpound B reacting with A. 
This transient is assumed to result from a step- 
wise change in the concentration of A at the inter- 
be brought about by suddenly 


face as may 


contacting fresh liquid surface with a pure gas A of 


a given pressure provided the equilibrium at the 


interface is instantaneous. 


the chemical reaction 1s 
irreversible with a rate proportional to the con- 


both 4 and B. the 


additional assumptions : 


For the case where 


centrations of and under 


neither B 


volatile. 


nor the reaction product are 


the diffusivities of A and B are independent 


of concentration, 
heat effects may be neglected, 


the absorption proce SS IS cle scribed by the follow 


Ing equations : 


initial and boundary conditions are : 


The 

0 and [B] = [B], 
A*) and )[B] 
0 and [B] — [B], 


\ solution of (1, 2 and 3) vields the concentra- 
Basa 


From this the rate of absorption can be 


tion distributions of A and function of 


time. 
calculated. Here, this rate will be expre ssed as 
the total amount of gas absorbed per unit area 


during the interval O t r.m(r). Since in 


mir) the amounts of gas are expre ssed in mass 
units, the formulae for m (+) contain the equilib 
A at the 


* 


interface. 


ay, 


conside red as the le 


rium concentration of in 


mass per unit volume ; ¢ (and also | in moles 


volume) are to be phy sical” 
solubility of A in the 


reaction takes place. 


solution, whether or not 


For three particular cases rv latively simple 


expressions for m(r) can be obtained: 


(a) Purely physical absorption ; [B] = 0 and 


no reaction occurs: 


[Pas 


0 | 
9 
(B | 
D, k, [A] [B (2) 
| (4) 7 
met) 
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(6) Pseudo first-order reaction : this is 
approached when the rate of diffusion of 
component B to the reaction zone is rapid 
compared with the rate at which it is 
removed by che mical reaction. In this « as 
\B |B), for all values of 2 and t. 
Danckwenrrts [5] has shown that then the 
following approximate relations hold: 


Dk, (5) 


m(r)= e* (+ 


l 
2k, 
provided k, [B), 7 a 


(c) Extremely rapid second-order reaction 
between 4 and B; both compounds diffuse 
towards a reaction plane where their con 
ecntrations are zero, 

This case has been treated by Su kKWOOD 
and Picgrorp [6] who showed that for 


=D: 
|B) 

mir) 2c* il 4 | (6) 
| 4|* 


For the more general case, where m mok 
cules of A react with n molecules (or ions) 
of B, and D , and D, are not equal, it can 


he shown [10] that: 


mit) = 


This is an approximation of the mor 


miB o\ Dy 
D, 


(7 


complicated exact solution ; the approx 
imation 
m|B), Is increased, For 
m|B),/n{A)* 2 and D,/D, 2 the 


value of m (+) caleulated from ¢ quation (7) 


improves as the value of 


is 2-7 per cent too small. 


A general solution of equations (1, 2 and 3) can 
be pre sented in dimensionless form. It is con 
venient to use for the dimensionless amount of 
absorbed gas the ratio, V, of m(+r) for chemical 
absorption and m (+r) for physical absorption with 
the same values of c*, D, and + V can then be 


expressed as: 


(Bl, Dy 
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For the special cases discussed above we now have : 


For |B), 1 combined with not too 
high values of k, [B], 7 the depletion of B 
at the interface is still small and the case of 
absorption with pseudo first-order re- 


action Is approached. Then: 
V7k, (5a) 


Since the second term between brackets in 
(5) has been neglected here. equation (5a) 


IS a 


k, r 


approximation only for 
20 or + 


(c) For small values of [B), [4]* combined 
with k, |B), rt > 1, the case of absorption 
with extre mely fast chemical reaction is 


obtained, for which (4) and (7) give: 
[D4 m [Blo 

Da n[A]* 4 

This Is a good 

mm [4]* 

is of the order of unity, 


(7a) 


approximation — for 


2 or V 3 since D, D, 


PERRY [7] and Picrorp [3] have obtained 
numerical solutions for a number of intermediate 
casesand D ‘ D, 


viven in terms of a ratio of m(r) values but of the 


1. Their results have not been 


absorption rates after a contact time r. Hows ver, 
from their results values of Vo can be derived ; 
some of these have been presented in Fig. 1 which 
shows that no calculations were made by them 
for 6. 

In the work described in this paper the theory 
summarized above has been appli d to the absorp- 
tion of CO, by caustic solutions. On part deals 
with absorption in liquid jets of concentrated 


solutions under the following conditions : 


60 < [B), [A}* < 1000 and 5 < k, — 1000 


Here, the formulae for pseudo first-order reactions 
[case ()] can be applied, although still a correction 
may be necessary to account for a small depletion 
of reactant B near the interface. 

The last part describes similar measurements 
with a falling film absorber under the conditions : 


3 < [B), [A]* < 80 and 50. k, [Bly r < 2509 
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Fic. 1. The ratio Vs as a function of k,| +, for an irrever 


sible second-order reaction 


Under these conditions the mechanism of absorp- 
tion is intermediate between the cases (b) and (c) 

Some work on the physi al absorption of CO, in 
inert solutions will be presented first because it 
was used for testing the hydrody namic conditions 
and for the determination of the diffusivity of 


CO, in electrolyte solutions. 


8. APPLICATION OF THEORY TO 

py Fitms anp Jets 

Continuous absorption by moving liquuid sur 
faces may be prechieted if fresh surface ts produced 
at a uniform rate A and disappears alter a uniform 
life time +r. When there ts no velocity gradient 
helow the surface over a distance which is large 
with respect to the depth of penetration, the 


absorption rate to be expected iS 


It is known that for laminar falling films the 


A m (tr) (%) 
above conditions can be satisfied [8]; for a film 
flowing down along the wall of a evlindrical tube 
over a height we have 

A 


hiv, (10) 


Absorption of CO, in jets and falling films of electrolyte solutions, with and without chemical reaction 


Equation (9) also may be applied to liquid jets 
with a uniform velocity v provided the penetration 
depth is sufficiently small with respect to the 
radius of curvature, r,, of the jet surface. This 


condition amounts to Dr/r,? <1. For a liquid 


jet with a flat velocity profile we then have 

>) 

(11) 
| 

| 


In practice, falling films may show a partially 
rippled surface. The ripples can be eliminated by 
addition of smal! amounts of a suitable surface 
active agent to the liquid without introducing an 
additional resistance to mass transfer. High 
velocity liquid jets, as used in this investigation 
do not show ripples at the surface. 

The formation of a falling film through a slit 
and of a jet through a nozzle in principle introduces 
a deviation from the steady state relationships for 
the velocity given in (10) and (11) respectively. 
Its effect on the total contact time ts negligible 
when the film height is greater than about 20 
times the film thickness [9], or the jet length about 
In the latter case the 


10 times the diameter | 10}. 
jet should be formed through a bell shaped nozzle 
in order to approach a flat velocity distribution 
at the discharge point. 

Finally a falling film has a stagnant surface 
with a height of a few em above the level of the 
receiving liquid, The contribution of this height 
to the absorption is negligible if the resistance on 
the liquid side is predominant ; in that case the 
total film height has to be corrected by subtracting 
the height of this end effect. With the liquid jets 
used the velocities are too great for this phenom- 
enon to occur ; however, extra absorption may be 
measured as a result of entrainment of gas by the 


jet into the receiving liquid. 


t. Puysicat ApsorptTion oF CO, IN A 
Wetrrepv 
(a) Experimental 
Water and solutions of Na,SO, and MgSO, have 


been used as absorbing liquids, In these liquids 


such a small part of the dissolved CO, reacts to 


| 
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2. Sketch of absorption equipment 


rive HCO, and HCO, that the absorption may 
be re garded as pure ly phi sical. 
In this case of physical absorption equations 


+. 9 and 10) give for the total absorption rate 


vA (12) 


The absorption equipment used for the measure 
ments reported im this paper is schematically 
presented in Fig. 2. The absorbing liquid) con 
tained in an overhead reservoir was fed by gravity 
to the absorber shown in Fig. 3. Initial to a series 
of measurements the liquid was degassed by 
spraying it into vacuum. The liquid was intro 
duced to the wetted wall through an annular slit 
and flowed down into an annular liquid pool with 
with a small surface area. The CO, gas (99-8 % 
purity, the balance being water Vapour) was 
supphed from a pressure cylinder. It was satur 
ated with water vapour at th experimental 
temperature before entering the absorber. In 
this equipment the experiments could be carried 
out at atmosphe re and sub atmosphe ric pressure 

For the determination of the absorption rate, 
?,. the rate of decrease of the gas volume in the 


wetted wall columr absorber at constant temperature and pressure 
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Absorption of CO, in jets and falling films of electrolyt 


was measured as the velocity of displacement of a 
soap film in a calibrated tube. Apart from this 
determination the following data were recorded : 
the liquid feed rate, the gas and liquid temper 


atures, the pressure and the height of falling film. 


(b) Factors influe neing the rate of absorption into 


a falling film 


(1) The effect of a surface active agent. With 
pure wate! ripples appeared on the film 
surface at a certain distance below the slit. 
cle nding on the liquid rate. In order to 
climinate these ripples 0-02%, by weight of 
*Lubrol W was added to the water. 
Special measurements on the rate of ab 
sorption by pure water under conditions 
when no ripples were visible and by water 
with Lubrol W under the same conditions 
showed a complete agreement. From this 
it was concluded that this surface active 
agent at the concentration used presented 
no measurable additional resistance to 
CO, absorption. 

The influence of pressure. Ut can be shown 


from equation (12) that under otherwis 


solutions, with and without chemical reaction 


constant conditions the total pressure 


does not influence the volumetric rate of 
absorption, provided He nry's law is valid 
for the system CO, — water and the diffus- 
ivity of CO, in water ts independent of its 
concentration. Measurements between 15 
and 76 cm Hg at constant liquid feed rate, 
film height and temperature gave the same 
volumetric absorption rates. Since for 
water Henry's law applies, it was 
concluded that the variation of the 
diffusivity of CO, in water with concen- 
tration falls within the error of the meas 
urements. 

Variation of the film height h. Results of 
absorption measurements in which only 
the tilm height was varied have been 
shown in Fig. 4. In these experiments the 
contact times between gas and liquid were 
short enough to reduce the difference 
between the simple penetration theory and 
the exact theory for diffusion in a laminar 
falling film with a half parabolic velocity 
protile, to less than 0-1 per cent. In Fig. 4 


the expected linear relationship between 


0.08 


Fig. 4 Rate of absorption of ¢ O, 


the film height (poo Tim Hyg, wt 
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by water as a function of 


of Lubrol 


‘ 
| 
10 
“4 + + 4 
o L=22.4 Wm/s, t=2 
™ IU M/S 9.6 
~ 
ma 6 3 
= Vis: 1.3 t=2 
‘o 
= 
0.04 || 0.12 0.16 0.20 0.24 0.28 
fim) 
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and is observed, but the extra 
polated absorption rate disappears for a 


ot h \ h. kor all 


measurements the 


certain positive value 


phy sical absorption 
value of Ad 
observed height of the end effect mentioned 


\ quantitative 


agrees with the visually 


m section 3 agreement 
between theory and experiments can be 
obtained if the total film height 4 is corrected 
for this end effect by subtracting AA. 

In Fig. 5, for the same « xpermments Oe has 
been plotted against the square root of the 
corrected film height h h \A. From 
the slope of the lines c* \ D was calculated 
using equations (10) and (12). The numer 


ical results have been collected in Table 1 


~~ 
Fi. 5 
of the corrected film height (poo Ti cm ily, wt of 


Rate of absorption of CO, by water as a function 


oor) 


Tabl 


rption of ( 


Henpriksz and H. Kramers 


in water 


In agreement with the theory for diffusion 
into a stagnant liquid the experiments at 
different flow rates L resulted in nearly the 
same values for c* \ D. with an average 
of 71 msec? at 20C 


76-0 em Hg CO, presssure. 


and 


The diffusion coefficient of CO, in water and 

inert solutions 
In general, diffusion coeflicients of gases in inert 
liquids are obtained by means of the sintered cell 
method [1l, 12) and by measurements based on 
unsteady state absorption into a stagnant liquid. 
Both methods are time consuming and have their 
particular difficulties, partly of analytic nature 
A rapid and reliable determination of the pro 
duct c* \ Dis possible by means of absorption 
rate measurements in a wetted wall column. From 
values of thus obtained, diffusion co 
separate ly 


eflicients can be caleulated using the 


determined values of c*. The same method was 
recently published by Davipson and CULLEN [13] 
who calculated diffusivities from absorption rates 
by water flowing down a sphere 


With the 


we determined the diffusivity of CO, in water in 


wetted wall column described above, 
the temperature range 6 — 30 °C, The results have 
been collected in Table 2. It appears that the 
dependence can bn cle scribed by 


Nernst 


D 


temperature 


means of the Kinstein relationship : 


constant 


Poo 76-0 om Hg 


We 
Lubrol 


o 


OOS 


TSEIDELL [24 
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Table 2. Absorption of CO, in water at different temperatures Ico. 76-0 em Hg, 0-02 Wt %, Lubrol 
2 Pco., g 


in water 


Temp 


1-285 
1115 
1-005 


O-SUS 


TSEIDELL [24 


Table 3. Absorption of CO, in Na,SO, and MgSO, solutions Poo. 76-0 em Hg, t 25 “C, 0-02 wt % 


Lubrol in water 


Concentration Liquid 
c* ct D ut 
of sulphate flow rate 
ole on > ky ky 9 2 
Solution kmole 10-8 m? | | = | 
| =| m® mi sec 
m” 


MgsO, 


[24] {International Critical Tables [23). 


the experimental values of Deo, have been com- 


WwW he re 


is the absolute temperature. In Fig. 6 


"al pared with those obtained by others. 
2-0 In Table 3 the results of some measurements are 
‘ shown on the absorption of CO, by Na,SO, and 


MgSO, solutions at 25°C. These experiments were 


1.5 
a Dovids { er carried out in order to provide an estimate of D 
in electrolyte solutions, where a chemical reaction 
| o Car 27) was taking place. To this end, it was assumed 


ves oe peas that the influence of a dissolved electrolyte on D 


Deo m/sec) 
2 
\ 


could mainly be attributed to the change of 


0.5 — viscosity with the electrolyte concentration in the 


ies solution, A relationship of the form Dy* con- 


stant at constant temperature was tried and it 


Fic. 6. Diffusivity of CO, in water as a function of tem- 
comparison with results of other investigators was found that 


perature ; 


L c* D Du T 
10-4 kg m 
( 
7-6 6-2 2-70 108 5-7 
: 74 1-2 2-32 10 
7,6 15,8 7-56 1-6 1-49 
3-9 20-0 7-12 1-73 1-69 5-8 
7 248 6-67 131 14 — 
7-6 30-0 6-26 1-331 2-26 5-9? 
0 1-05 
Na,SO, 7°52 1-14 1-2 
0-593 745 1-56 1-14 
3-30 O-SS 1-41 1-26 
0-564 7M 147 1-56 1-25 
1218 7°24 206 O72 1-06 1-05 
25 
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for the Na,SO, solutions at ¢ 25 °( Apparently the value of a is somewhat dependent 
; on the type of electrolyte used. For the experi- 
constant 
ments on the absorption of CO, by caustic 


and for the MgSO, solutions at 2! solutions, D was estimated from the relationship: 


Dye constant constant, at constant temperature (14) 


PuysicaL ApsorprTion IN Liquip Jers 


In the case of physical absorption in a liquid jet 
of constant diameter, having a uniform ve locity, 
equations (4, 9 and 11) predict the rate of absorp- 


tion to be: 


\ DLI (15) 
D- 
provided 
VOL, 
It was shown by Cutten and Davipson [14] that 10 
1959 


this equation ts also valid for jets decreasing in 


thickness by the action of gray ity. 


The rate of absorption of SO, by water was 
measured in order to verify the hydrodynamic 
conditions. Because the hydration and hydrolysis 
reactions of SO, in water are very rapid relative 
to the contact times involved (15), this absorption 
may be regarded as purely physical. 

The absorber has been schematically repre 
sented in Fig. 7. The experimental technique was 
the same as has been described in section 4. In the 


measurements, contact times varving between 0-001 


Liquid jet absorption apparatus 


Rate of absorption of SO, by a 


liquid jet of water, as a function 


of liquid flow rate and jet length 


4 | 
| 
: | : 
| 
| | 
| 
| 
| 
| 
sas inlet | 
| 
— 
4 | : 
| 
a 
| 
: 
E 
Fig. 7 
90 2-94 t= 2U.4 
| oe 
d=1.00mnr 2.33 cm’/s.t = 19.3 
ae 
od 47mm.l= 0-40 cm /s.t = 20-0 
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and 0-02 sec were used. The total rate of absorp- 
tion ®,, was determined as a function of the 
jet length / under otherwise constant conditions : 
for each series the flow rate L and the jet diameter 
were different. 

In Fig. 8 a number of the experimental results 
have been shown. It appears that the observed 
relationship between ®,, and 4/L1 is in close 
agreement with equation (15). 

Thus it was concluded that the establishment of 
a flat velocity profile after discharge of the jet was 
so rapid that the assumption leading to equation 
(11) may be considered to be right. 

The above justifies the use of equations (9) and 
(11) in analysing other liquid jet measurements 
which were performed under the sam hvdro- 
dynamic conditions and which will be described in 


next section. 


6. ABsorPTION or CO, IN JETS oF 
CatustTic SOLUTIONS 


(a) Introduction. 

Absorption of CO, in caustic solutions is accom- 
panied by the following reactions which, because 
of the high OH. concentrations used. may both be 


regarded as irreversible : 
CO, — OH- HCO, (16) 
OH- CO,? (17) 


The second-order velocity constant k, of the rate 
determining reaction (16) has been measured by 
Faurnovr [16], Saav [15] and Pixsenr et al. [17]. 
The experimental techniques of these authors, 
however, only can be used for dilute OH~ solu- 
tions. 

The theory of ionic reactions predicts k,, the 
velocity constant of a reaction between an ion and 
a polar molecule, to be dependent on the ionic 
strength [18]. The determination of the influence 
of ionic strength and type of ions on k, was the 
purpose of our measurements. Therefore NaOH, 
KOH and LiOH solutions, of which the concen- 
trations were varied, have been used to absorb 
the CO,,. 

At suflicientiy high [OH~],[CO,] ratios and 
sufficiently small contact times between gas and 
liquid, the reaction taking place in the liquid 
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between CO, and OH may be regarded as a 
pseudo first-order reaction. In this case equations 
(5), (9) and (11) give for the total absorption rate 


into a jet of length / and diameter d: 


mdle*s/D k, 


8) 


m 


A value of k, may be obtained from measurements 
of ®,, as a function of | for otherwise constant 
conditions, provided the value of k, (OH~] + is 
sulliciently large to permit the neglection of the 
correction factor between brackets in equation (10) 
Furthermore, c* and D have to be known. Be- 
cause it is impossible to measure c* and D, when 
the gas is reacting with a component of the solu- 
tion, empirical relationships have to be used for 
their estimation. 

Such experimental conditions were chosen that 
the correction, which had to be applied to equation 
(18) because of the deple tion of OH™ ions at the 
gas-liquid interface, was as small as possible. The 


requirements for this are discussed below. 


(6) Selection of the experimental conditions. 
A {OH 
(OH), 


after a contact time 7 is roughly : 


[(OH-], 7 


The relative depletion ‘at the interface 


(19) 


if it is assumed that the rate at which OH- 

disappears by chemical reaction, is constant and 

that this chemical reaction takes place at the 

interface. 

.A[OH-} 
(OH), 


the following experimental conditions : 


\ low value of can be obtained under 


(¢) A small CO, pressure, resulting in a low 
value of [CC »,|* ; 

A short contact time r. For this, short jets 
of high liquid velocity should be used. 
Very short jets, however, reduce the 
accuracy of the measurements, and in 
order to prevent gas entrainment in the 
receiving liquid the liquid velocity may 


not exceed a certain value. 


— 
. 
|_| 
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As additional 
(c0,)* 


increases when the OH 


(777) A high OH 
effects. 


diminishes and 


concentration. 


balancing each other, 


concentration is increased, 


(tv) A low temperature. At decreasing temper- 
ature [CO,]|* increases; this effect, how- 
ever, Is largely outwe ighed by the decrease 


of the reaction velocity constant &,. 


The conditions chosen for the measurements 
were : 

Hy 

20 

liquid velocity 5m see 

jet length 1— 10cm 


pressure 


te rature 


contact time O-O2 see 


jet diameter 0-66 mm 


(c) The results of the measurements 
In each run ®, was measured as a function of 


the jet length. As an example, the data for the 


absorption of ¢ 0, by NaOH solutions ire given ih 
Fig. 


equation (18) is observed. The rate of absorption 


\ linear re lationship as predicted by 


extrapolated to zero jet length, however, retains 
This effect hi to be 


attributed to entrainment of CO, in the receiving 


a certam positive value. 


liqnuid, 


Fic. 9. Some experimental results on the absorption ot 


CO, in liquid jets of NaOH solutions. 


The values of c* D k, have been calcu- 
lated from the slopes of the lines, such as drawn 
in Fig. 9. 

For the computation of k, the following proper- 


ties had to be evaluated : 
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(?) The diffusivity Deo,. This was estimated 
by correcting for the \ iscosity of the solu- 
tion according to equation (14). 


The physical solubility c*. In the caleu 
lation of c*, an empirical formula has been 
used, representing the physical solubility of 
a gas in an electrolyte solution : 


(20) 


log 


* 


where c* and c*,, are the solubilities in the 


solution and in water respectively and J is 


the ionic strength ( 4 2 ¢; z,*). 


From a 
study by van Kreve en and Horriuzer 
(19), it may be found that the solubilities 
ofa eas ina hvdrox vce solution and inh the 
corresponding chloride solution are related 
by 


/ 


Ak,. (21) 


Cl 


where AA, is practically independent of 
the type of gas and of the temperature. 

Values of Ak, obtained from solubilities 
of inert gases in NaOH (KOH) solutions 
and in NaCl (KCI) solutions been 
collected in Table 4. By the 
LiCl] solubilities of CO, in NaCl, KCI and 
(21) 
and have been calcu 
lated. Taking Ad, to be 0-038 m® kg ion, 
it was found that at 20°C: 


have 
correcting 
according to 


solutions equation 


0149 kg ton, 


0-113 m*/kg ion, 


0-124 m®* /kg ion. 


Table 4. 
of NaOH and Nal, resp. KOH and KC! 


Comparison of gas solubilities in solutions 


Temp 
Solutions compared 
NaOH 
KOH 
NaQll 
KOH 
KOH 


Natl 
KCl 
Natl 
NaCl 
KCl 
KCl 


O-O40 
0-037 
O-O58 
O-O41 
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Table 5. Summary of the results of CO, absorption in jets of caustic solutions, t 


em He 


20 °C, Peo, 15-0 


OIL), D 


Solution 


NaOll 


KOH 


LiOH 


— 


2160 : 5450 
6200 
17700 000 
2200 : 5800 
5720 TOOO 
52000 17300 
210) 5550 


5130 5400 


For calculating c* in the caustic solutions 


these values were used in equation (20). 


The hydroxide concentration (OH | in 


the reaction zone. This concentration ts 
somewhat lower than the original one 
lOH Jo. uc to the finite rate of diffusion of 
the OH- ions. The correction to be applied 
was calculated in the first approximation 
{10} and its magnitude can be found by 
comparing the values of [OH Jp and [OH 
in Table 5, 


A summary of the experimental results and 


ts 


(mes uf 


log hp, 


Ilkgior 


3.10. The effect of 1 nic strength on the reaction velocity 


constant k, 


calculations has been given in Table 5. In Fig. 10 
the logarithm of k, has been plotted against the 
ionic strength. According to 
[18] and Grune and Scumip [20], for dilute 
solutions the relationship between k, and I would 
be : 


logk logk 3 al (22) 


where a is a constant depending on the system. 

The results of our « xperiments appear to agret 
with such a re lationship. It is observed that a is 
largest for KOH solutions and smallest for LiOH 
solutions. By extrapolation to zero ionic str neth 
k,. is found to be about 4700 m*/kmol sec (at 
20°C). This value is not much different from those 
obtained with entirely different experiments 
(4800 — 5900 m*/kmol sec) by other investigators 
[16, 17). 

The maximum error in the value of &, is estim 
ated to be 15 per c nt. resulting from inaccuracies 
in c*, D, (OH ~] and the measur d absorption rates 
of about 1-5 per cent, 5 per cent, 2 per cent and 
2 per cent re spective lv. 

The obtained values of k, were used for the 
interpretation of the measurements described 


be low. 


7 ApsorpTion oF CO, IN FALLING 
Firms or NaOH anv KOH So.LuutTions 


(a) Introduction 


With longer contact times and smaller OH™ ion 


concentrations than used in the jet experiments 


d®, | 
kmol 10-8 ky 10-3 kg kg ( 
m° | mi sec | sec sec sec m3 
OW 1-10 110 155 2-01 
1-44 125 1-41 | 2-58 
207 1-56 1-58 1-14 1-8 
1-19 1-05 1-61 304 
1-67 1-95 1-55 2-70 
256 1-44 1-25 155 
O5l 1-18 1-09 1-56 2-04 : 
1-42 1-23 1-41 2-54 
9 
| 
A 
I 
3.80 
So - 
AAS 
A 
3.60 
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described above, both the reaction velocity and 
the rate of diffusion of OH~ ions to the reaction 
zone determine the rate of CO, absorption. 


If the over-all reaction 


CO, + 20H- + CO,’ HO (23) 


is assumed to be irreversible and a diffusivity 
Doy- can be attributed to the OH” ion, the 
dimensionless relationship (8) may be used to 
describe the absorption proce SS I nder the 
assumptions for which equation (8) may be applied 


we have for } 


(7) for large values of , and small values 

of k, [OH-), + according to equation (5a): 

V = }4/rk, (OF), 7 (24) 

[OH 

ii/) for small values of and large values 
0,)* 

of k, [OH~), + according to equation (7a): 

Deo, [OH], [Puo (25) 

N Don 2 (CO,]* N Deo, 


First, however, the above assumptions 


have to be examined in greater detail. 


(b) The equilibrium of the chemical reaction 


During the diffusion of CO, into solutions of 
large OH~ concentrations. for each CO, molecule 
two OH~ ions disappear according to equation 
23). Down along the film the reaction zon 
moves inward and the OH~ concentration near 
the interface diminishes. At a sufliciently small 
value of this concentration the over-all reaction 
(23) may no more be regarded as irreversible and 


the side reaction 


CO, + H,O +2 HCO, (26) 


occurs. 

For the calculation of the additional rate of 
CO, absorption resulting from (26) Dankwerrts 
has presented an approximative method [21 
Using this solution, it can be shown that under 
most unfavourable conditions of our « xperiments, 
VIZ. 


= 0-114 kg ion 


~ 
T O- sec 


Nusine, R. H. 


Henpeiksz and H. Kramers 


74eom Hy 


the effect of reaction (26) on the rate of absorption 


is smaller than 10 per cent, 


The diffusivity Doy 

In the reaction zone OH~ ions disappear and 
ions are produced. As a result we have a 
counter diffusion of OH~ and C¢ *‘ ions. An idea 
of the mechanism of this diffusion process may bn 
obtained from work by Vinocrap and McBain 


These investigators have set up equations for 
the rate of ionic transport in dilute solutions by 
steady state diffusion under the influence of a 
concentration gradient. From these equations it 
appears that the value of the diffusivity ~ of an 
ion depends on the types, concentrations and 
concentration gradients of all ions present in the 
solution. 

In our experiments concentrations and = con- 
centration gradients were transient and unknown. 
The Vinocrap and McBatn equations have been 
used in calculating values for Do,,- on the basis of 


the following approximate assumptions : 


(7) the chemical reaction occurs according to 
equation (23) and is irreversible ; 
(77) the rate of reaction is very fast ; 
(777) there ts a steady state diffusion of OH™~ and 
CO,” ions and the ion concentrations vary 


linearly. 


Taking for the equivalent conductivities at 
20°C of Na*, K*, OH and CO," respectively 
+5, 6-5, 18 and 6-3 (m.k.s. units) we obtained [10] 
for the OH diffusivity in a NaOH solution : 


Dow 2-84 m*/see at 20 C, 
an ina KOH solution 
Dao 2-76 10-* m?/see at 20 C. 


The diffusivities calculated in this manner are 
average values relating to very dilute solutions. 
When it may be assumed that the electrolyte 


concentration has the same effect on Doy- and 


D 
then the ratw is a constant which 
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2-8 10-° 
amounts to — 
1-68 10°° 


both types of solutions. 


= 1-67, as an average for 


(d) Results of the experiments 

The experimental conditions have been given 
in Table 6. Both the OH 
pressures were varied in order to vary the ratio 
OH, 
panying the absorption, the liquid temperature 


concentration and CO, 


As a result of the heat effect accom- 


increased between 0-5 and 1°C. In most cases the 
liquid feed temperature was adjusted in such a 
manner, that the average of liquid in- and outlet 
temperature was 20°C. 

measurements the rate of 


In each series of 


absorption ®,, was determined as a function of 
the film height 


For every value of r+, 


under otherwise constant con- 


ditions. the appropriate 


value of m(r).,.., Was derived from ®,, by means 
of equation (9). 

In order to calculate the ratio V from the expert 
had to be known. Here, m(r) 
the 


absorbed after a time 7 in a liquid, in which no 


ments M7) phys 


may be considered to be amount of gas, 


pseudo first-order 


Table 6. Experimental conditions for the absorp- 
tion of CO, in caustic solutions in the wetted wall 


absorber 


[OH], | 

kg ion 

(em Hg) 


| PCO2 Temp. 
Solution [(OH-], 


surface 


(©) 


liquid 


: 20° 


20°: 


O-510 


0-113 


react 


ratio | 


as a function of k,(OH™])7 for absorption of CO, by a NaOH solution, 
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23-2 9-91 | 
30-4 751 |} 20-2 
15-4 567 | 202 
3-1 20-2 
| 15-3 | 210 
| 67-4 | 212 
OI 22:8 | 53-7 | 21-5 
50-2 22 -( 
10 | | ) 
15-3 27-4 224) 
KOH 14-5? 20- 
23-2 9-75 | 
15-6 1-95 | 20- 
74-6 B05 20- 
0-486 59-1 20 
23-0 17) 20 
30-3 | 35-7 
240 
co. 
61.2 4 | 
4 
9.91 
7.5 
«2 
10 teiy 3 t re t 
10 20 30 40 50 1 
| Fie. The 
|_| 


NUSING, 


The ratio 


hike al rei thon urs. but whi } thre 


the 


prope rtices as 
| or the 


were 


wting solution 


Deo 


is TAS been 


calculations the values of ina 
obtained in the 


the 


samme manner 


cle scribed ith previous if the 


This 
the 


tion. 


surtace temperature temper was 


estimated by means of equation 


AT 


where A 7 is the increase of liquid surtace tem 
due to the effect. Ar 
AT was derived assuming 
action was very fast and the liquid layer infinitely 
thick. 

For each 
Fig. 


value sot 


perature, heat 


‘ xpre 


for that 


the re- 


OH concentration 
10. Thus | the corresponding 
OH go ould be calculated. In Figs. 


11 and 12 these dimensionless numbers have 


wis 


taken 


from and 


been 


plot te d for NaOH and KOH solutions r sy ectively 


In Figs. 13 and 14 V has been represented as a 
[OH], 
values k, (OH™~], r. 


function of for constant parameter 


From Figs. 11 and 12 it appears that, in agree- 


R. 


Hexpriksz and H. Kramers 


for absorption of CO, by a KOT solution 


ment with the the ory, for large values of A 
(OH), 
le 7 and that for small values of k 

of a 


approached, From Figs. 13 and 14 it was concluded 


(OH lo? 


and small values of lis independent of 


fou 
the Ca 


pseudo first-order reaction 1s 


Fic. 138. The ratio V OH 


for absorption of CO, by a KOH solution 


as a function of lo 
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V 0-77 0-64 (OH Jo 

“ad (2% 

/ ‘CO, )* ) 

/ Hence, the agreement between the theoretical and 
| fost reactior : - the experimental re lationship is very good. 


NOTATION 


concentration of vas in solution (kmole m° 


{|* saturation concentration of gas in solution 


4 

(kmole m” 

B\, original concentration of chemical compound in 

the solution (kmole 


| lon concentration (kg ion m”) 
p c* saturation concentration of gas in solution 
(kg 
saturation concentration of gas in water (kg 
= 4 d inner diameter wetted tubs (m 
ad diameter liquid jet (1m) 
Fig. 14 The ratio Vo a function of (OH » d inner diameter of evlindrical surface (11) 
for absorption of CO, by a KOH solution D coeflicient of diffusion (m? sec) 
acceleration by gravity (m ‘sec*) 
h height of liquid film (m) 
Vi height of end effect (m) 
h corrected height of liquid film h Ah (m) 
that under the conditions where only diffusion of / ionie strength (ky ion /m*) 
CO, and OH™~ determines thx absorption rate : k, second-order reaction velocity constant 
kmole sec) 
for the NaOH solution L. = liquid flow rate (m? /sec) 
(OH-) l length of liquid jet (m) 
V 0-8 0-61! - (Q7) mr amount of gas absorbed per unit area after contact 
),|* time +r (kg /m*) 
and for the KOH solution oe ni 
time (sec) 
(OH-) ratio ahem | phys ) 
O-s 0-63 (28) liquid velocity (m/sec) 
[(CO,*) Us surface velocity of falling film (m/sec) 
If reaction (23) is assumed to be irreversible and + = co-ordinate my 
D ion valency (—) 
OM? has the calculated value of 1-67, we may # = dynamic viscosity (kg/ msec) 
Li T contact time (sec) 
expect from equation (25) : rate of absorption (ky sec) 
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Equilibres liquide—vapeur de mélanges binaires donnant une réaction 
chimique: systémes méthanoleacide acétique; éthanoleacide acétique ; 


Pour déterminer le nombre de plateaux théoriques 
nécessaires pour une scparation déetermince dans 
une colonne de rectification avec réaction chimique 
(1, 12], plusieurs méthodes ont été proposces, 
Dans les quelques cas ot: on mesuré les donnces 
Wequilibre liquide—vapeur [6], ces données n'ont 


pas été déterminées systématiquement. Pour le 


étudié méme en l'absence d'un catalyseur, les 


Pergamon Press Ltd. London. Printed in Great Britain 


n-propanoleacide acétique; n-butanol—acide acétique 


A. Rivus, J. L. Orero et A. Macarron* 


Laboratoire de Génie Chimique, Faculté des Sciences, Mactrid 


( Recieved 22 August 1958) 


Résumé— Pour déterminer les équilibres liquide-vapeur dans des systémes susceptibles de 
réaction chimique, les auteurs ont mis au point un appareillage dans lequel le temps ce 
chauffage du liquide est de ordre de 30 see, en vérifiant son fonctionnement pour le mélange 
ethanol eau. Ils ont étudié sous la pression atmosphérique les systemes méthanol-acide acetique, 


éthanol—acide acetique, propanol acide act tique et butanol-acide ace tijue, ce dernier 


donnant un azétrope A maximum : pour 0,518 fraction molaire d’'alcool, a 120.3 C, sous 706 mm Hyg 


‘Tandis que les équations de VAN-LAar et Repiicnu Kisver ne donnent pas pour les coefficients 


dactivité des résultats tout-ad-fait satisfaisants, Vintroduction d'un terme additif constant dans 


de permet Vajustement de ces coeflicients aux données expérimentale 


Abstract To determine the liqiud — vapour equilibrium in the systems susceptible to chemical 
reaction, the authors have perfected an apparatus in which the heating time of the liqiud is of the 


order of 30 sec, in the testing of its operation for the mixture ethanol — water. They have studied 


under atmosphere pressure the systems methanol — acetic acid, ethanol — acetic acid, n-propanol 


acetic acid, and n-butanol—acetric acid, this last giving an azetrope at maximum, for 0-518 molar 
120-3°C, under 706 mm Hg pressure Whereas the equations of VAN LAAR 


fraction of aleolhol, at 


and Repuicn  Kisrer do not give completely satisfactory results for the activity coeflicients, the 


introduction of an additive constant term in the equation of Repiicn — Kisrer enables these 


coellicients to be adjusted to experime ntal data 


Zusammenfassung —Zur Bestimmuny der Flissigkeits-Dampf-Gleichgweichte in Systemen, 
die zu chemischen Reaktionen fahig sind, wurde eine Apparatur entwickelt, in der die Aufheizzeit 
der Fliissigkeit etwa 30 sec betriigt. Die Brauchbarkeit der Apparatur wurde am System Athanol 
Wasser nachygewiesen Unter Atmosphirendruck wurden die Systeme Methanol — Essigsiéure, 
Athanol — Essigsiiure, »-Propanol — Essigsiure und n-Butanol — Essigsdure untersucht, letzteras 
das ein Azeotrop ergab, bis zu 0,518 Molenbruch Alkohol, 120,3°C unter 706 Torr. Wiahrend die 


Cleichungen von van und Repuicu— Kisrer fiir die Aktivitétskoeflizienten keine ganz 
befriedigenden Resultate ergaben, gelang es durch Einfiihrung einer additiven Konstante in die 


Repuicu — Kisrer-Gleichung, diese Koeffizienten an die experimentellen Ergebnisse anzupassen 


INTRODUCTION montrés inutilisables: le temps de chauffage 
nécessaire pour atteindre lequilibre physique est 
trop grand, de telle fagon que le systéme binair« 
initial devient quaternaire grace a lapparition 
de lester et de l'eau. 

Nous nous sommes done proposes d’etudier un 
apparel du type flash-distillation, ou mieux, un 
appareil de distillation continue avee equilibre [9}. 


binaire alcool normal—acide acctique, 
Propuirs UTILIsEs 


le méthanol et léthanol, 


classiques de_ recirculation se sont Pour l'acide acétique, 
| 


*Adresse actuelle : Cristaleria Espafiola, S.A. Avilés, Espagne. 
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nous avons employé des produits A 99.5% de la 
Maison “ Jaber.” L’acide acétique et le méthanol 
ont été rectifiés dans une colonne de 2m de 
longueur et de 5em de diamétre, remplie d’anneaux 
Raschig de 5 mm en operant avec un reflux voisin 
de Punité. L’éthanol avait été déshvdraté sur du 
sodium puis distillé. Les aleools n propylique et 
n-butylique provenaient de I’ Unio Chimique 
Belge.” Ils ont été rectifiés dans un colonne ce 
de diamétre et de 0.75m de loneueur. re mplhie 
d’anneaux Fenske, en opérant avec un reflux 
voisin de Le propanol passait dans un 


intervalle de 0.2°C. Cet intervalle était réduit A 


ria. 1. Schéma de | ippareil 

Reservoirs de Mariotte, 51 
Robinets pour charger les réservoirs 0 
Agitateur magnetique 
Vaporisateur (Voir Fig. 2) 
Separateur adiabatique de liquide et 

Fig. 2) 
Refrigérant pour la vapeur 
Refrigerant pour le liquicke 
Bras articul 
Guide tixe du bras articulé 7 
Enechantillon de liquide (Protegé contre 
Enehantillon ce vapeur (Protegé contre lhumicdite 


Phermomeétre appréciante 0,1°C (Voir Fig. 2) 


0,1°C pour le n-buthanol. Les constantes phy- 


siques sont données au Tableau 1. 


AppareIL 
appar il (Figs. 1. 2) est entiérement construit 
en verre, avec des joints rodes coniques ¢ t spheri- 
ques (non representés dans la Fig. 1, sauf les trois 
articulations du bras 7). Les réservoirs 0 sont 
remplis au moyen du vide. On place un liquide 
dans chaque reservoir, et en reglant les débits 


relatifs, lon peut couvrir tout le domaine des 


4 


Liquid Level 


hic. 2. Schéma du flash. 

kmbrochure, 0.5 mum diam pour amortir les détentes 
de Vébullition et « mpecher le de reculer, 

Puyau en quartz, chauffe par une resistance clectrique 
‘Kanthal D “de 9.3 2, connectée a une source 
électronique de voltage constant (125 V, 1 kVA). 
avee un rhéostat un série pour régler le courant 

Disque en asbest 

Dewar avec une petite fente sans argenter pour voir 
directement le niveau du liquide 

Entrée de vapeur et liquide 

Sortie de vapeur, aboutissant au réfrigérant 5. isolé 
thermiquement 

Sortie de liquide, aboutissant au refrigerant 6, munie 
dun petit réfrigérant (non represente dans la Fig. 
1) pour froidir liquide au plus tét 

Thermometre I espace entre la gaine de verre et le 
bulbe est rempli de cuivre en poudre trés fin, et 
Vespace entre la gaine et la tige est the rinidquement 
isole lei on répresenté la gaine dans mémx plan 
que les tuyaux 11 et 12. Réellement, elle se trouve 


entre les deux 
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O Svystéme méthanol — acide acetique 
8 éthanol — acide acetique. 


n-propanol — acide acétique 


n-butanol acide acétique 


Fic. 3. Systéme éthanol —- eau 
@ Jones, SCHORNBORN et COLBURN 
mw Perry | 
O Travail present 


6. Systeme méthanol — acide acetique. 


Fic. 4. Systéme éthanol — eau. 
@ Jones, SCHOENBORN ct COLBURN 


O Travail présent. . Systéme éthanol — acide acétique. 
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Etant donnée la vitesse de 


reaction trés petite du systeme n-butanol-—acide 


concentrations. 
acetique, nous avons employe un seul des deux 


reservoirs, charg¢ du mélange des deux com- 
posants ; apres chaque determination, on ajoutait 
un peu d'un des composants pour separer conven 
ablement les compositions ctudices. Aprés trois 
expcricnces, le était définitivement rejete. 

Dans k 


tation subit une vaporisation partielle, 


vaporisateur 3, le liquide d’alimen 
et dans le 
s ecoule 


separateur 4, le residuel 


par kk 


13 vers le réfrigérant 6. Le niveau de ce 


liquide & Vintérieur du sé parateur peut étre régh 


en montant ou en descendant le bras articulé 7. 


ora eaAla se deplace verticalement dans le 
guide tubulaire fixe 8 


Apres que la température observce dans T est 


La vapeur se degage par | 


12 vers le réfrigérant 5. 


devenue stationnaire, on laisse fonctionner 


lappareil avant prendre les échantillons L et V 


jusquiau renouvellement complet du _ liquide 


occupant le réfrigérant 6 et le bras articule 7, et 


lle de 


rus 


dont la composition n'était pas encor 


Pequilibre Pour chaque systeme, avons 


déterminé pre alablement le te mps necessaire pour 
laver ce volum« avee un 


par rincage iquide dans 


initial avec 


étant 


Nous avons mesure le 


le cas extréme d'un remplissage 


autre, les variations de composition 


suivies au refractomeétre. 
temps aves 


necessaire au lavage en operant 


plusieurs débits, et la construction de la courbes 


temps de lavage (debit de liquid fournit la 


valeur minimum du temps de lavage. On peut 
admettre que le liquide est pratiquement refroidi 
quand i! a parcouru la moitié du réfrigerant 6, la 
chaucde 
debits 


Dans les 


duree de séjour dans la zon peut étre 


estimee a sculement, les etant 


en gencral de lordre de 50 ¢m®*, min 
systemes étudiés en l’absence de catalyseur, les 
quantites d’ester et d'eau formées dans ce temps 
sont négligeables. Kn outre, environ les deux tiers 
de cette 


frigerant 6, et 


durée de séjour se passent dans le re- 


lester et l'eau formés hors du 
contact de la vapeur n’ont plus aucune action sur 
lequilibre liquide—vapeur : ils n’introduiront tout 
au plus qu'une erreur systématique dans la 
composition du liquide, Nous estimons que les 


données déterminées avec cet appareil corres- 
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pondent trés exactement aux mélanges binaires. 

La puissance de chauffage varie entre 300 et 

600 VA. 


environ, 


Chaque détermination prend 15 min 


Le fonctionnement de Vappareil a cté verifié sur 


le systeme ¢thanol-eau (Tableau 2. Figs. 3 et 4). 


Lorsque le rapport en volume des phases liquide 


et vapeur (condensat) devient voisin de Veéegalité, 


les temperatures observees dans T sont 0.2 A 


05°C plus élevées que celles admises dans la 


littérature. Pour cette raison, nous avons toujours 
oper avec des rapports 10 |. environ; pour le 


systeme n-butanol-acide acctique, ce rapport 


devait étre voisin de 25 1. pour eviter au maximum 


la surchauffe. 


Fic, 9. Systéme n-butanol — acide acétique, 


| 
120 
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mM, 
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E-quilibres liquid- vapeur de mélanges binaires donnant une réaction chimique 


ANALYSES 
Les mélanges éthanol-eau ont été anaylsces par 
pycnomeétrie en se référant aux tableaux densiteé- 
température-concentration donnés par J.H. Perry 


(9). Les mélanges alcool-acide acétique ont été 


14 
1,2 


10 


08 


0.6 


08 
Fic. 10. Systéme méthanol acide acetique: Equations 
de Van Laar: Al 0,274; B 0,274. 


0.8 
xX, 
Fic. 11. Systeme éthanol — acide acétique Equations de 


Van Laan: A 0.306: B 0,252. 


Fig, 12, Systéme n-propanol — acide acétique Equations 
de VAN Laan: A 0,275; B 0,308, 


titrés avec une solution 0,15 N de soude caustique 


et phenolphtaléine. Dans les mélanges n-butanol 

acide acétique, pour solubiliser le n-butanol qui 
se spare dans une autre phase au fur et A mesure 
des additions de soude caustique, on ajoutait de 
’éthanol pour apprécier clairement le virage. Les 
titrations ont été généralement faites immédiate 

ment apres recette des échantillons, sinon, ceux-ci 
étaient conservés dans la glace pour ralentir 
Vestérification. 


hic. 13. Systéme n-butanol — acide acétique: Equations 
de VAN LAAR: | 0,230: B 0,440 
0,197: B O317 


08 
Fic. 14. Systeme méthanol — acide acétique : Equation de 


— KistER moditicée : 
B = 0,331:C 0.100: D 0,008 0.050. 
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Des 
Les Tableaux num riques 347, rassemblent nos 
données expérimentales sur les quatre systéemes 
Ss. AINSI les val urs corre spondante s des 
coctlicients d’activité des deux constituants. Ces 


résultats sont traduits par les courbes 5 A 9. 


Re presentation log y Us. \, 


Dans les systemes meéthanol—acicde wetique, 
ethanol- acide acetiqu et n-pre panol-acice 
acetique, la courhbe log Y2 Vs. \, presente un 


maximum decroissant qui napparait pas sur la 


courbe de log ' Figs lO, ll et 12 Par conse 


quent ces systemes n'obeissent pas & lequation ce 


Ti HEM valabl Pression ¢ tt rature 


VOL. 
10 
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constantes, ni a aucune des équations jui en ont Systeme n-propanel acide aceétique baqguation 


et deduites Cependant, les points correspondant de Repiicns Risves 


& Valeool s accordent equation de Van Laar 

sous la forme donnée par CARLSON et CoLBuURN [9]. 
les valeurs 0.197 et B O.317, les 


valeurs 4 et B 0,440 px rmettent 


laceord avec woud acetique, 


Dans le systéme n-butanol acide acétique, k Représentation log (y,/y,) vs. X, 


maximum «a disparu totalement (Pig. 13): par : 
Le systéme n-propanol acide acetique satisfait 
consequent, svstenmn obeit qualit tivement a 


exactement A la condition de Hexingron [2] et 
equation de (11), (Fig. 16) 


tandis que les trois autres systémes \ echappent. 


equation de Ginas-Dunem, mais, par contre, il mn 
s accorde pas aur equations de \ I les 


mémes valeurs de 4A et B pour les deux com 
Or, la forme geometrique de la courbe« xperimentale 


posants. Tancdis que le n-butanol s accorde avec 


0.4 


0.3 


0.2 


a? 


00 


-04 


-0.2 


-0.3 


00 


15. Systeme ethanol acide acétiqu Equation ce Fic. 17. Systeme n-butanol acide acétique 
Reouicn Kisrer modifié de — Kisrer modities 


:¢ 0076: D O.005 O15 B= — 0,279: D O22. 
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une réaction chimique 


Equilibres liquid—vapeur de mélanges binaires donnant 


log (vy, y2) vs. X, répond a Péquation de Repiicu- Les données employées sont: cau [9]. methanol 
Kister (Figs. 14, 15 et 17). Ll suflit d@introduire [5, 9], éthanol [8, 9], n-propanol [5] 
un terme constant, A, pour donner a equation la [9] et acide acetique [9]. 


n-butanol 


forme suivante : 


NOTATION 
log = — 2X,) + C (6X, (1 — X,) —1] 


temperature d equilibre, “¢ 
Dai — 2X,) SX, (1 X,)] A P pression d'équilibre, mm Hg 
X fraction molaire dans le liquice 
ll faut remarquer une régularité dans les 
) fraction molaire dans la vapeur 
valeurs de ce terme de correction : il croit A mesure y = coeflicient d'activite PY PN UP 


Tension de peur) 
volatilité relative Y,- X,. 
fand B coeflicients de Tequation de Van Laar 
B,C and D coeflicients de Veéequation de Rerpiicn 
(Fig. 5). KIsTER 


A tern cle correction che equation che 


que lon avance dans la série des alcools : 0,050, 


0.015, 0.000, 0,022. Cette regularite ést 


AUSSI remarquable dans les données dequilibre 


Les tensions de vapeur pour calculer les co 


Repiicu — KisTer. 
eflicients d’activité ont éte obtenues par inter (indice 


polation linéaire de la fonction log P f1/T). 2 (indice) — acide acétique ou eau. 


RERERENCES 


Beock L. Inet. Chom. Engrs. 1955 1 467 


Nature, Lond. 1947 160 610 


Hill, New York 


Tatles, Vol. 3. Meiraw 


International Critical 


M. and A. PP. Jndustr Engng Chem. 1945 35 666 


\. ScHOENBORN E 


Jones ¢ 


Lance N. A. Handbook of Chemistry. Handbook Publishers. Sanduski. Ohio 1946. 


Trans. Amer. Inst. Chem. Engrs. 1945 41 157 


ind Orumer DD 


Coll. Tren Chem Trchecosl, 1954 19 1055 


Leves Ch 


MAREK. 


Merriman W. J. Chem. Soc. 1918 103 G28 


Mi Graw-Hill 


J. Chemical Engineers New York 1950 


Ww Porrer A. EK. and Rrrrer H. L. J. Phys. Chem. 1954 58 1040 


Engng. Chem. 1948 40 345 


Indust 


\ 


Repucn and Kisrer 


Iv Ronson C.S. and E. R. Elements of Fractional Distillation MeGraw-Hill, New York 1950 


Kaiser L. C. R. Acad. Sci. Paris 1956 242 132 


live 
59 

111 


Chemical Engineering Science, 1959, Vol. ’ 112 to . Pergamon Press Lid. London. Printed in Great Britain 


Flow distributions in manifolds 


A. Acrivos,* B. D. Bancockt and R. L. Picrorpt 


(Received 15 Se plember 1958) 


Abstract The division of a fluid stream into parts by means of a manifold is accompanied 
by fluid pressure changes owing to wall friction and to the changing tluid momentum. Friction 
tends to make the pressure fall while the sudden changes in direction experienced by successive 
portions of the stream makes the pressure rise in a “ blowing ” manifold and fall in a “ sucking *’ 
one. As a result it is not possible to keep the fluid pressure perfectly constant inside the main 


channel, and there is a consequent variation in the rate of flow through identical ports 


Calculations based on one-dimensional flow equations have been carried out for channels 


having constant cross-sections, using computing machines. The results are applicable to a wide VOL. 
variety of combinations of channel dimensions, fluid velocity and physical properties, and pressure 10 

drop across the side ports. The results are summarized by charts that permit a designer quickly 1959 
to estimate the non-uniformity in the flow pattern. Predicted distributions agree approximately 


with observed flow patterns 


Résumé —La division dun courant tluide au moyen d'une turbulure, est accompagnée d'une 
variation de pression du fluide due au frottement contre les parois et a la variation de | i quantite de 
mouvement du fluide. Le frottement tend a baisser la pression tandis que les variations brusques 
de direction vérifée sur des portions suecessives du courant font augmenter la pression dans le cas 
(une tabulure a insuflation, et la fait baisser dans le cas dune turbulure a aspiration. Tl en 
résulte une impossibilité de rendre la pression du fluide parfaitement constante a Vintérieur du 


tube, et une variation dans la vitesse d’écoulement A travers les orifices ice ntiques 


Des calculs basés sur des équations découlement A une dimension ont été effectués pour des 
tuyaux a section constante, a Vaide de machines a calculer. Les résultats sont applicables a un 
grand nombre de combinaisons de dimensions de tuyaux, vitesse du fluide et propriétés, et chutes 
de pression par les orifices lateraux. Les résultats sont résumes par des graphiques qui permettent 
de prévoir rapidement un écoulement non-uniforme. Les distributions prévues ainsi, concordent 


approximativement avec les écoulements obsérves. 


Zusammenfassung Die Teilung einer strémenden Fliissigkeit durch Verteiler ist von Driick- 
ainderungen in der Stromung begleitet, hervorgerufen durch Wandreibung und Impulsinderung. 
Reibung hat Druckabfall zur Folge, wihrend die plotzliche Richtungsiinderung, hervorgerfen 


durch fortlaufende StrOmungsteilung, den Druck in einem * blasenden Verteiler steigen und in 


emem “ saugenden ” Verteiler fallen lisst. Es ist daher nicht méglich, den Flissiykeitsdruck in 
der HauptstrOmung genau konstant zu halten, was unterschiedliche Stromungsgeschwindigkeiten 


in gleichgrossen Durchlissen zur Folve hat 


\usgehend von eindimensionalen StrOmungleichusgngen wurden fiir Kanidle konstanten 
Durchmessers Rechnungen mit Rechenmaschinen angestellt. Die Ergebnisse sind in einen weiten 
Bereich verschiedener Kombinationen von Kanalabmessungen, StrOmungsveschwindigkeiten, 
Stoffeigenschaften und Druckabfall aiber die seitlichen Durchliiisse anwe ndbar. Die Ergebnisse 
sind in Diagrammen zusammenyvefasst, die dem Berechner die schnelle Ermittlung des ungleich- 
formigen Strémingsverlaufs gestatten. Berechnete Verteilungen stimmen niherungsweise mit 
dem beobachteten StrOmungsverlauf diberein. 


*Department of Chemistry and Chemical Engineering, University of California, Berkeley, California. 
tE.1. du Pont de Nemours and Co., Wilmington. Del 
[Department of Chemical Engineering, University of Delaware, Newark, Delaware. 
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Flow distributions in manifolds 


INTRODUCTION 
Tur design of flow equipment for the division 
of a fluid stream into several branching streams 
for the formation of a single, main stream by the 
confluence of several smaller streams is a proble m 
that is encountered often in chemical processing 
The 


purposes consists of a main, cylindrical channel 


studies. simplest device used for these 


to which several smaller conduits are attached at 
right angles. Often the object of the design ts to 
provide for equal flow rates through the several 
This done if the fluid 

kept constant the 


side openings. can by 


pressure can bn throughout 


main channel: otherwise, each side connection 
must be provided with a valve to permit adjust 
ments to be made, compensating for the pressure 
variations within the main channel that would be 
caused by fluid friction and by the changes in the 
flow direction and momentum of successive 
portions of the stream. 

As several authors have brought out previously 
[3, 4, 9] a uniform pressure can be maintamed in 
the main channel by constructing tt so that its 
cross sectional area decreases at a rate that keeps 
the fluid velocity nearly constant whil the mass 
Although this technique 


that a 


rate of flow decreases. 


is a useful one it has the disadvantage 


channel designed to give uniform side-ways flow 
at one flow rate often does not work correctly at 
another rate. In any case it would appear that 


computations of the flow distribution to be 


expected from a manifold constructed from pipe 


uniform in diameter would be useful to the 
designer who w ishes to prov ide for nearly although 
not perfectly uniform flow distribution. 
Frequently it is helpful to know what volume the 
main channel must have in order that the pressure 
the 


than a 
but 


will not vary more 


that 
tolerable inequality in flow through the ports. 


inside channel 


amount produces a small 


The differences in fluid pressure arise from two 


eauses: (a) the friction of the fluid against the 
internal surface of the main channel makes the 
and (b) the 


momentum of the main fluid stream flowing into 


pressure fall in the direction of flow ; 
a manifold tends to carry the fluid toward the 
closed end, where an CXCCSS pressure Is produced, 


When the large fluid stream flows into the manifold 


and undergoes subdivision (a “blowing manifold”) 
effects 


opposite directions, the first tending to produce a 


the friction and momentum work in 


pressure drop and the second a pressure rise. 
When the large stream is formed in the manifold 
by the combination of smaller streams and flows 
the end of the 


‘ sucking manifold ”’) the friction and momentum 


out of open main channel (a 
effects reinforce each other, both tending to create 
lower pressures at the open end than at the closed 
end. Both friction and momentum effects become 
more pronounced when the main channel’s cross 
section is reduced while the total quantity of fluid 
is ke pt constant. The designer often needs to know 
how to keep the friction and momentum effects 
approximately in balance in a blowing manifold 
and how to estimate the combined effect in a 
sucking manifold. 


This 


mechanical 


fluid 


rtinent 


deseribe Ss One dimensional! 


pay 


calculation methods and 


CNM rimental data relating to manifolds of this 
from a maim channel 


that 


simple st ty pe, constructed 


of constant cross section terminates in a 


closed end and provided with equally spaced, 
uniformly sized side tubes attached to the main 
channel at right angles. The manifolds considered 
either discharge (the ** blowing ” or reccive 


case 
an imcompre ssible fluid (the * sucking ”’ case) 


from a region in which the pressure ts uniform. 


EXPERIMENTAL INVESTIGATION 


Or THE BRANCHING PHENOMENON 


One of the two principal phe nomena affecting 
the uniformity of fluid pressure inside the manifold 
effect. tends to 


produce a rise In pressure owing to the deceleration 


is the fluid-momentum which 
of the portion of the fluid that undergoes a change 
The wall 


shear stress may be nearly the same m the non 


in direction in flowing through a port. 


porous sections of a manifold as in a long, straight 
pipe and conseq ut ntly ean be re garded as pre- 
dictabl pipe 


The pressure recovery phenomenon has not been 


from existing data on friction. 


investigated very widely ; however, knowledge 


of the relation between pressure rise and velocity 
change is essential for the development of the 
one-climensional flow theory that follows. 


Consider a section of the main channel near 


0 
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one of the branching outlets as shown in Fig. 1. 
\ momentum balance can be made on the control 
surface indicated in the figure. If it is assumed 


that the fluid leaving through the branch has lost 


Fic. 1. Fluid pressures and velocities near a manifold port 


all its longitudinal component of velocity before 
it crosses the control surface, the pressure rise, 
De Py. 1S related to the v« locity decreas by the 


cquation 


(.1) 


Since the velocity of the side stream may not 
he « xactly in the perpe ndicular direction when 
the stream flows through the orifice port it may 
be « xpected that the observed pressure rise will 
be only a fraction, k, of the expected value, so 


that equation (0.1) should be modified to 
(0.2) 


In general k is « xpected to be smaller than unity. 

Although a calculation of the direction of (luid 
streamlines in the neighborhood of the orifice 
would permit k to be estimated theoretically, 
an easier course of action is to determine its value 
from experimentally observed pressure changes. 
For this purpose several experiments [1] have 
been carried out using a 6ft length of 1-025 in. 
i.d. brass pipe to which twenty-four side ports 
were fastened at intervals of 3 in. The side connec 
tions were made from 9 in. lengths of 0-317 in. 
id. copper water tubing which were soldered 
at the top of the main tube over fin. diameter 


holes. Fluid pressures inside the main channel! 


were observed by means of thirty-two pressure 
taps that were soldered to the bottom of the main 
tube at 3 in. intervals, taps 5 and 27 being located 
half-way between side ports 1 and 2 and between 
23 and 24, respectively. Connections between 
the pressure taps and the interior of the manifold 
were made by drilling im. diameter holes. A 
sharp edged orifice was located at a pont 28 5 in, 
upstream from the first side outlet and another 
was located 31-5in. downstream from the last 
outlet. These were used to measure the quantities 
of air entering and leaving the manifold, 
respectively, and were calibrated by using a larg 
wet-test meter. The quantity of air leaving any 
of the side ports could be measured by means of a 


small-diameter Pitot tube that was also calibrated. 


Pypical pressures observed near a single outlet 


port 


Fig. 2 shows a_ typical pressure profil 
observed with only the centre side port, number 
13, open, It is seen that the fluid pressure 
decreases linearly in the direction of flow until 
the location of the sick port ts reached, Then a 
pressure rise occurs, as expected from equation 
(0.2), and this is followed by a second linear 
pressure drop. The fall in pressure before and 
after the port is caused by fluid friction, and the 
friction factors computed from th pressure 
gradients were found to be rather closely in 
agreement with the well established relations for 
smooth pipe. The effect of the branching flow 
on the wall friction was not apparent from the 
data taken and, if present at all, must have been 
confined to the region within an inch or two 
of the side port. 

Pressure rises caused by the flow branching 


were calculated from the experimental observa- 


tions by extrapolating the straight-line pressure 


profiles to the location of the port and measuring 
the vertical difference between the lines. When 
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these values of Pe Pp, were substituted into 
equation (0.2) the values of k shown in Fig. 3 
were calculated. The fact that the numerical 
values are less than unity indicates that the 
streamlines in the diverted stream do not turn a 
full right angle before the stream leaves the main 
channel. Some of the force needed to cause the 
full change in flow direction is apparently pro- 
duced by excess fluid pressure on the downstream 
side of the vertical inside surface of the outlet 


tube. 


Fic 3 Pressure recovery coelflicients observed in tests of 


single and double outlet ports 


Fig. 3 also shows lines representing similar 
data on branching flow as reported by Rous (6), 
based on the work of Soucek and Ze.nick {7}. 
The experiments referred to were made on 
a long horizontal channel of 6 = in. square 
cross-section through which water flowed. Short 
side ports were connected to a square channel at 
right angles. The side ports were square in cross- 
section and had sharp edges where they were 
attached to the main channel. In spite of the 
different geometry and the fluid properties the 
k-values agree satisfactorily. 

A few experiments were made in which two side 
ports were allowed to discharge simultaneously, 
leading to data that are shown typically by 
Fig. 4. The distance between the open ports 
was varied from 6 in. to 36 in. but there was no 
significant trend of the k-values for either of the 
two holes with the spacing between them. The 
average value for each hole for six different 
spacings is shown on Fig. 3. The points fall higher 
than would have been expected from the single- 
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port data. However, the differences between 
these two points and the previous data are 
probably not sufficient to affect the predicted 
flow distribution and an average of all the observa- 


tions will be used in further calculations. 


MANIF 


hic. 4. Typical pressures observed near pair of outlet 


ports Fluid velocities before, between and after ports 


ire 28-5, 25-2 and 16-7 ft see respectively 
\ manifold with a continuously porous wall is a 
special case of the manifolds under consideration 
here, in which the number of side tubes is mad 
very large while keeping the ratio of total port 
area to inside tube surface constant. WeretssBERG 
[S| has carried out an experimental study of the 
pressure distribution along the axis of such a 
manifold through the wall of which air was 
pumped at a uniform rate. When the pressure 
loss owing to expected wall friction, using the 
smooth-tube formula, was subtracted from the 
observed pressure change, the residual pressure 
rise was not as large as the net rate of input of 
fluid momentum. Thus, if equation (0-2) were 
applied to Wetssperc’s data k-values less than 
unity would result. In the two experiments where 
the effect was most noticeable in WEISSBERG’s work 
the appropriate values of k are 0-88 and 0-69, 
which are of the same order of magnitude as those 
appearing on Fig. 3. 

One-DIMENSIONAL FLOow THEORY 


FOR BrRaNcuING ConpDUITS* 


The manifolds of greatest interest here consist 
of straight tubes with finite numbers of similar 


side connections spaced equally at discrete 


*A more accurately descriptive two-dimensional theory 
is too difficult to carry out, although laminar-flow calcula- 
tions can be developed for a case in which the side flow is 
assumed constant as shown by Berman [2]. For rather 
small side-flow velocities these computations show that the 
fluid pressure will rise in a “* blowing ~ manifold, in spite 
of fluid friction, quite like the pressure changes predicted 


from the simpler, one-dimensional equations. 


38] ong 868 water 
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When tha 


connections is small, 


side 


the 


number 


between 
the 


of side tubes in any small increment of length is 


intervals, spacing 


however, and 


large the manifold can be regarded for all practical 
purposes as a continuous homogeneous system, 
a longitu- 
width. 
substitution of a continuous for a 
the 
number of side outlets is small the st pis justified 
by the fact that 
uid mechanical principles lead to a differential, 
Results 


of computations based on the differential equation 


equivalent to a main channel having 


dinal slot or constant 


Although the 


ciscrete 


porous strip of 


system may be questionable when 


with this simplification the 


rather than to a difference equation. 


can be represented more simply and compactly 


than is the case for calculations using the non 


linear difference equations. However, both types 
of solutions will be investigated and it will be 
shown intuitively, as well as mathematically, that 
but 


limiting cases 


folds. 


the continuous manifolds are 


of the more interesting, discrete mat 


DIFFERENCE EQUATIONS FOR 


DISCRETE, 
A sketch of a 
Fig. 5. The 


straight-tube 


BLOWING MANIFOLDS 


ciserete manifold is shown in 


manifold consists of number of 


sections 7 7 which 


are separated by an equal number of discharge 
ports through which fluid leaves the main section 
of the manifold, The fluid is supposed to flow from 
left to right and the located 


discharge ports ire 


ata r;, Where x denotes the distance along the 


the Moreover. it 


assumed for simphiecity, that the discharge ports 


axis of main tube. will be 


are uniformly spaced. 


JL 


SECTION SECTION 


+ 


Nomenclature used for a one-dimensional theory of 


manifolds. 


The Fanning equation is of course applicabk 


to the straight-tube section, so that for section 7, 
(1.1) 


in both the 


because 


On the other hand, a discontinuity 
pressure and the velocity occurs ata 
of the 


changes in the pressure and the velocity can be 


presence of a discharge port. These 
obtained from a material balance and a momentum 
Thus if the 


just 


balance. arithmetic average of 


pressures upstream and just downstream 


from a side port is used to compute the side flow. 


u 


dD 


Aa (Pi Po) (1.2) 


from the orifice equation and a material balance. 
Also, 


above 


from a momentum balance. as indicated 


(1.3) 


The above three relations are the basi 


tions for the discrete blowing manifold. They have 


qua- 


to be solved, subject to the conditions that at 


the entrance of the manifold 


and 
(1.4) 


Thes« 


simplitied if a change is made in both the indepen- 


equations can, however, be considerably 


dent and the dependent variables. Thus, letting 


2k) a (1.5 


2k p Po) 


the basic equations become 


P; — P; = — F,U? Ay 


where F; = = 


| 
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and 


— P; = — U}.,) (1.10) 


Next, by combining equation (1.9) and (1.10) one 
finds that 
x 
(Ay? 


- 


4 2 
lv, U? + 2(Ay)?. [ (Ay) | 
N 4 


U;., 
1 


2 ‘| 
(1.11) 
while, at the entrance of the manifold. 
U, 1 
M2 ) 
and (Po — Po) (1.12) 


2 2k 


Finally,* equations (1.8), (1.10) and (1.11), 
subject to the conditions given by equation 
(1.12), can be solved by a stepwise numerical 
iteration. This can vary easily be programmed 
for a digital computer like the Bendix G-15-D 
machine for example. The closed end of the 
manifold is at the point where U = 0. 

It is seen, then, that the change of variables 
effected by equations (1.5), (1.6) and (1.7) enables 
one to formulate the problem mathematically 
in terms of only three dimensionless parameters, 
namely M,, F, and Ay, where M, is related 
to the pressure and fluid momentum at the open 
end of the manifold, F, is related to the friction 
in the straight-tube section, and Ay is related 
to the distance between adjacent discharge 
ports. Numerical results for this problem, in 
terms of the above three parameters, are given 


below. 


DIFFERENTIAL EQuations ror ContTINUOUS, 
BLOWING MANIFOLDS 
So far, the discussion has been confined to 
discrete manifolds only. However, the special, 
continuous case merits attention, because of its 
relative simplicity. These manifolds, as was 
mentioned above contain a very large number of 


*If we assume that the friction factor varies with fluid 
velocity according to the generally accepted relationship 
for smooth tubes we should write 


F; = F, (1.13) 
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discharge ports along the main tube. The mathe- 
matical equations for this special case can readily 
be obtained from the basic equations for the 
discrete manifold by letting Av - 0 while keeping 
x, the fractional discharge area, constant. 

Thus, as Ay - 0, equations (1.8), (1.10) and 


(1.13) can be combined formally* to give 


0 (1.14 
dy dy 


while, equation (1.9) becomes formally 


dU 


(1.15) 
dy 


These last two relations can finally be combined 
to give the basic differential equation for the 


continuous, blowing manifold. 


PU\ (dU _ {dU 
(aa) (a) + =0 (1.16) 


with the conditions that, at y 0 


(1.17) 


and M, 
ay 

Equation (1.16) is now a non-linear, second- 
order, ordinary differential equation which, can 
easily be integrated numerically. Again, a 
digital computer, like the Bendix, can readily 
be employed with advantage in carrying out the 
numerical computations. The solution to this 
problem is expressible in terms of only two 
dimensionless parameters, namely M, and F,, 
Ay having been eliminated in the limiting 
process. Therefore, as one would have expected 
intuitively the basic equation for the continuous 
manifold can be obtained as a limiting form from 
equations (1.8), (1.9) and (1.10), by formally 
letting Ay +0. Equation (1.16) can, however, 
also be derived directly, that is independently 
of the relations for the discrete manifold, by 
making a momentum balance on a differential 
element of volume in the main channel. 


*The purely formal limiting process outlined below can 
be justified rigorously, although the details will be omitted 


here. 
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SuCKING MANIFOLDS 


In this section the basic equations for both the 
discrete and the continuous sucking manifolds 
will be briefly derived. The details of the deriva 
tion are essentially identical with those of the 
equations for the blowing manifolds 

The mathematical equations for the sucking 
manifolds differ from the corre sponding r lations 
for the blowing manifolds for two reasons: first, 
fluid flows into the main tube from the ports ; 
second, the distance along the manifold is 
measured again from the open end so that the 
direction of increasing x will be opposite to that 
of the fluid flow. 

If distances are measured from the open end 


oft the manifold. cree easily finds th t 


he re 


\ 
Po 


Otherwise, the nomenclature 
hefore. Also. if equations 


combine ad. one obtains 


Equations (1.18), (1.19) and (1.21 ogether with 


the conditions that at the open nd of the 


manifold, 


and (1.22) 


can the n bn solved by a simple iteration. The 

solution is again expre ssible in terms of the three 

dimensionless parameters M,, Fy and Ay. 
Finally, the bast equation for the continuous 


sucking manifold can be derived from the above 


relations by letting Ay - 0 formally, as was done 
earlier in conjunction with the blowing manifold. 


Thus, it is found that 
_{dU 
dy dy 
with the conditions that at y 
U | 
dU 
dy 


and 


The basic equations for the manifolds, when 
solved numerically with a digital computer or 
otherwise, enable one to predict the rate of 
discharge through the ports as a function of the 
distance along the main tube. Any proper design 
of the manifold demands that this rate of discharge 
be as uniform as possible. This, as will be shown 
by the numerical calculations, can be realized 
when M,, which is related to the pressure at the 


open end of the manifold, is made large. 


CALCULATED Mawnirotp FLow 
DISTRIBUTIONS 


Owing to the fact that the one-dimensional 
flow pattern for continuous manifolds depend 
on only two parameters, M, and Fy, whereas a 
third parameter, Ay, is needed for manifolds with 
finite numbers of ports, caleulated flow distribu- 
tions for the former type will be presented more 
completely than those for the latter. Figure 6 
shows a typical set of curves resulting from 
computer calculations for a family of blowing 
manifolds characterized by M, 1-0 and by 
various values of F,. From its definition, M, 
can be seen to represent the ratio of fluid pressure 
to spec ific kinetic energy (or momentum flow) at 
the entrance. The pressure rise is therefore 
expecte d to be smaller the greater M, is. On the 
other hand, / 
factor ; the greater its magnitude the greater will 


", is proportional to the wall friction 
be the tendency for pressure to fall in the direction 
of flow. For each value of M, there should be a 
value of F, that will cause the momentum and 
friction effects to be about equal on the average. 
The calculations show, however, that no pair 
of values of M, and F, gives a perfectly uniform 
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6. Caleulated side-flow distributions for a group of 


continuous “blowing manifolds with closed ends 


Fic. 7. Results of calculations for continuous blowing 
manifolds showing difference of extreme values of side flow 


When ordinate is negative maximum flow occurs at 


entrance ; when ordinate is positive maximum flow 
is at closed end and minimum may be at entrance or 


at an intermediate position 


sideways flow. If the side flow is the same at the 
entrance and the closed end, as will the case for 
M, 1-0 and F, ~ 1-3, for example, according to 
Fig. 6, the side-ways flow rate will have a minimum 
value near the middle of the manifold. 

Fig. 7 shows the condensed results of calcula- 
tions similar to those just described by plotting 
the difference in the extreme values of the sid 
flow rate against M,, with F, as a parameter. ‘The 
figure shows that, although the flow distribution 
may be approximately uniform at any value of 
M, provided the value of F is properly chosen, 
the distribution is best in all cases when the 


value of M, is large. M, can be varied by a 


designer most readily by varying the entrance 


velocity through a change in the cross-section, 
Large cross-sections lead to low velocities and, 
thus, to large values of M,. F, contains factors 
that are not subject to independent variation in 
a design, except for a, the ratio of port area per 
manifold unit to the inside surface area. Often 


this can be made as small as desired by spacing 


5 


M 


0 
Fic. Results of calculations for continuous blowing’ 


manifolds showing dimensionless length required to 


discharge total input stream, 


5 
: 
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the side outlets far apart. Presumably, also, 


total t are: 
extra friction devices could be installed between 42C(2k)”%L D~ 


: cross-sectional area of main tube 
the ports, if necessary. 


Fig. 8 shows another result of the same set of Ketter [5] concluded that this ratio should not 
calculations that led to Fig. 7. The dimensionless exceed unity and that the ratio of length to 


length of the manifold is plotted against the same 


two parameters. The length required to discharg: 
all the input stream from a manifold with a 
closed end is seen to depend strongly on M,. 
The effect of F, is strong if M, is small, the required 
length being greater when friction 1s pre sent 
because generally the flow is most non-uniform 


when friction is absent and the greater side flow 


rates near the closed end cause the fluid to be dis 


charged more quickly. If the side flow were perfec tly 


uniform, a simple material balance shows that VOL, 
10 

1/2 
1959 


(2k)'/* (L/D) = M,"' 


kpu,? 


£. Apo 


Most of the dimensionless lengths read from Fig. 7 

are larger than this, owing to the imperfect 

distribution. Equation (1.25) shows that when 

the flow is nearly uniform & has little effect on L, 

since it appears on both sides of the equation. 2 oo. a ee — 
On the other hand, since it influences the pressure M. 

rise, k has a large effect on the flow distribution. 


Fig. Results of calculations for continuous sucking 
The dimensionk SS length shown on im”. « ba 
; 7 manifolds showing difference in extreme values of side flow. 
direct indication of one of the main features of a Maximum flow into manifold always occurs at port 


manifold. If C (2k)' =~ 10, nearest open end 


Fig. 10. Results of calculations for continuous * sucking *’ manifolds 
showing dimensionless length required to receive total output stream. 
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diameter should not be greater than 70 for sub- 
stantially uniform distribution to be obtained. 
Using (2k)'/* (L/D) 10 and L/D - 70, 
aC 1/280. Assuming f, = 0-006, F, — 0-84. 
This represents one point on Fig. 8 for which 
M, = 0-90. From Fig. 7 the range in side flow 
under these extreme conditions permitted by 
Kewier’s rule is found to be 18 per cent of the 
flow from the first port. When smaller length: 
diameter ratios are used, however, Fy and M, are 
reduced and the flow variation is increased. The 
specification of a single pair of maximum allowable 
values of area ratio and of L/D thus appears to 
be insufficient to insure good flow control; 
however, values of M, larger than 0-90 usually 
are needed and ordinarily these will correspond to 
area ratios less than unity. 

Figs. 9 and 10 are similar to the two just 
discussed, but they apply to sucking manifolds 
into which fluid flows from an outside, constant- 
pressure source, Here the friction effect and the 
momentum effect act in the same direction, 
causing the pressure inside the manifold to grow 
smaller in the direction of flow, Le., toward the 
open end of the manifold where the fluid leaves. 
There are no minima in the side flow distribution 
curves and at a given pair of values of M, and F, 
the flow distribution is less uniform than it is for 
the blowing case. To handle the same quantity 
of fluid, therefore, a sucking manifold will have 
a larger cross-section than a blowing manifold 
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if both are to produce similar flow distributions. 
Moreover the influence of fluid pressure on 
density has been neglected in the calculations 
described in. this paper and it appears likely 
that when this additional influence of fluid 
expansion is allowed for the required area for such 
manifolds will be even greater than that indicated 


by Figs. 9 and 10, 


EKrrecr or Finite NUMBER OF SIDE 
PORTS 

The basic equations were derived above in 
terms of three parameters, M,. F, and Ay. It 
was only by going to the limit Ay +0 that the 
differential equations (1.16) or (1.23) were 
obtained. The results obtained by integrating 
these equations have been regarded as useful 
idealizations of flow distributions for actual 
distributors, although they apply in fact only to 
flow from a continuous slot of constant width. 
In this section we return to the non-linear 
difference equations (1.8), (1.10) and (1.11) for 
the blowing manifold with a finite number of 
side ports. By solving the system for various 
values of Ay but constant values of M, and F, 
we determine how many side connections ar 
needed to make the distribution essentially like 
that for a slot opening. 

Fig. 11 shows the results of such calculations, 
plotted with the same co-ordinates as Fig. 6. The 


upper curve on Fig. 11 is the same curve as that 


Fic. 11. Effects of finite distance between ports on flow distribution, 


1.10 ai : 
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shown on Fig. 6 for My =! and F, =1; it 
evidently applies to the case Ay = 0. The other 
curves show the distributions calculated from 
the difference equations for Ay 0-1, 0-2, 0-3, 
and 0-4, corresponding to approximately 10-1, 
5-5. 42 and 4-1 sick ports, respectively. (Since 
the computation started at the open end of the 
manifold, where the main fluid stream entered, 
it did not lead to a precisely zero value of U;, 
following one port, so that the numbers of ports 
did not turn out to be integers. This does not 
destroy the valu of the comparison with the 
solution of the differential equation, however. ) 
Fig. 11 shows that reducing the number of 
side ports makes the distribution mor uniform 
initially, until the distance between adjacent 
ports hecomes so great that the friction mm these 
sections produces a deep minimum the side- 
ways flow in the middle of the manifold. Ten 
side ports produce a distribution that 1s very 
nearly like that calculated for a continuous slot. 

hig. 11 also shows that the length of tubing 
require d for the manifold increases as the distance 
between sick ports increases, the ratio ol port cToss- 
section to total insice surface of the manifold 
tube being held constant all the while. Evidently 
the increasing influence of friction in the manifold 
tube causes such a reduction mm pressur that the 


distant ports are starved for fluid 


SAMPLE CALCULATION 


Suppose that 50 gal min of water are to be 
split into ten m arly equal parts by means of a 
manifold composed of a straight pipe D‘ in. in 
“ternal diameter to which ten, one-inch, schedule- 
40 pipes are to be welded at right angles. The 


manifold will be 10 ft long, the interval between 


adjacent lin. pipes being 1ft. Calculate the 
percentage variation in the flow rate through the 
ten small pipes and the pressure inside the 
manifold at the entrance for D’ equal to 8, 4 and 
5 in. 

From the stated dimensions and using 1-049 in. 


for the inside diameter of the branch lines, 


10 
0.0229 D 
dD 10 12 


tx€ (LD) (0.0229, D’) (0-6) (2 0-6)'/? 


(10 12D’) 7-22,(D'y 


231 1th 


20-4 y'2) ft sec. 
)? 


Us 


1728 oo 


(D’) (20-4) (62-3) 
Np = 157,200, D’ 
(12) (0.000673) 


(f,)(D’) 
(ky? (C) (0-0229) fol 
based on k — ¢ 0-6. Similarly, 

(32-17) (Ap (144) (D')* 
Me Ab 


(0-6) (20-4)* (6°23) 


(0-298 ( Ap’) (D')* 


where Ap ts in Ib in® gauge 

Using D’ 
N pe = 39-200 and fo 
pipes. Furthermore, Fy = 0-70 and 4aC (2k)*? 
(L/D) 0-452. From Fig. 8 the required value 


of M, is 1:36 and from Fig. 7 the fractional 


tin. to illustrate the calculations, 
0.0068 for commercial 


variation im the distributed flow is 0-115. Trial 
of the other two diameters leads to the numerical 


results shown in the following table : 


Manifold diameter, D F 


(in.) 


Per cent range mm Ap’, 
side flow (Ib ‘in®) 


0-046 
0-045 


0-054 
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OBSERVED FLow DISTRIBUTIONS 


In order to compare the predicted flow non- 
uniformity with experimentally observed distri- 
butions several tests were carried out using equip- 
ment, described in a previous section, that had 
the the 


pressure-rise coefficient, k. purpose 


determination of 
For this 
many of the side tubes were allowed to discharge 
the of 
each tube was measured by means of a sensitive 
Pitot tube 


Pressures at 


been emploved in 


simultaneously and rate flow through 


micromanometer and a made from 


hypodermic tubing. intermediate 


points on the bottom of the main channel were 


also observed using the micromanometer. 
Typical data for one run are shown by Fig. 12, 

which represents a run in which all twenty-four 

of the ports were op ned and the valve downstream 


As 


the fluid pressure decreased 


from the last port was completely closed. 
shown by the figure, 
in the direction of flow owing to fluid friction 
as the air approached the first port. Then, within 
the area in which ports were discharging the 
pressure fell to a minimum 
to the fluid effect 
above. Finally, after the last port the pressure 
had the 


manifold, the last hole having discharged the last 


shallow and rose 


owing momentum described 


was constant because flow ceased in 


portion of the main stream. 
1 he upp r plot on Fig. 12 shows the corre spond 


ing increase in flow from the manifold. The 


Table l. 


Fic. 12 of blowing manifold 


curves show increase in side flow owing to increased internal 


Typical data from test 


manifold pressure near closed end 


fractional variation in sideways flow is seen to be 
(13-2-9-6) /9-6, or 0-38. This is one of the figures 
Table 1, the 


observed departure from flow uniformity with 


appearing in which compares 
the value predicted from Fig. 7 at the values of 


M, and Fy corre sponding to the existing entrance 


Summary of flow distribution data from experimental manifolds. 


Maa 


range 


of flow from first port 


Observed 


length of manifold 


Dimensionless 


bat 


of side flow, 5 of 
(2k) 


Predicted Predicted 


Observed 


0-69 
0-74 


1-08 


ool 
ov 


Loo 


*Manifold open at downstream end tn these runs 


igure tabulated is found by approximate extrapolation of observed 


flow distribution to point beyond end of manifold where inside stream would have been exhausted. 
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velocity and excess pressure and to the values of 


k and C found in the previous single-port experi- 
ments. 
Tabk 1 


observed and predicted quantities in which the 


also includes three comparisons of 


manifolds tested were not completely closed on 
the end. Since Figs. 7 and 8 apply only to closed 
end manifolds it was necessary to extrapolate 
the observed port flow rates in tnese cases to 
end of the 


actual manifold to the point where the flow rate 


hypothetical positions beyond the 


of the main stream would have been expected 
from a similar extrapolation to have reached 
7eTo, Possibly because these extrapolations had 
to be 
comparisons ID the table are not quite as good as 


the 


cases the predicted and obse rved dimension SS 


made in a somewhat arbitrary manner the 


those for four ‘normal runs. In most 


lengths also agreed satisfactorily, though one of 


the “normal” runs seems to show a large 
deviation for no apparent reason. 

the tabl that 
expected and observed flow distributions agreed 
that 


Figs. 7 and 8, and presumably also Figs. 9 and 10 


Generally speaking shows 


approximately, justifying the 


expectation 


can be used for the design of piping systems. 
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NOTATION 

The following nomenclature is employed : 
Py the pressure at the left end of the straight 
tube-section i 

P; the pressure at the right end of the straight 
tube-section 
the uniform pressure outside the discharge 
ports 


the velocity in the straight-tube section i 


VOL, 


1 the distance between adjacent 10 


1 ‘ 
discharge ports ] 959 


the diameter of the main tube 


fraction of internal area of the tube that is 


occupied by discharge ports, assumed uni- 


formly spaced along the tube 
the discharge area of a port 

the Fanning friction factor 

the fluid density 

the discharge coeflicient for the orifice equa- 
tion, applied to the side outlets 


the distance between the closed end and 


the entrance to the manifold 
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Serru u. Rurnarpr: Anleitungen fiir die Chemische 
Laboratoriumspraxis. Band I. Chemische Spek- 
Eine Anleitung zur 
Ausfiihrung von Emissions-Spektralanalysen. 
Fiinfte meu bearbeitete Auflage von Walter 
Rollwagen. Springer Verlag, 1958. pp. 162. DM 26-00. 


tralanalyse. Erlernung und 


Dur 
Auflagen festgelegten Richtschnur des 


neue Auflage halt an der durch die vorgegebenen 
Buches, weder 
fiir die Aus- 
Dieses Ziel 


im ersten 


ein Lehrbuch noch eine Rezeptsammlung ~ 
fihrung von Spektralanalysen zu sein, fest. 
wird im besten Sinne dadurch erreicht, dass 
Teil in klarer und leicht verstandlicher Form die notwen- 
digen Grundlagen zum Verstindnis der zur Spektralana- 
Der 
analytische Teil befasst sich mit der Ausfiihrung von quali- 
Es 


werden an Beispielen aus der Praxis die versé hiedenen 


lyse bendtigten Apparate gelegt werden. zweite 


tativen und quantitativen Emissionsspektralanalysen 
Auch hierbei ist 


yvesteckte Ziel 
Kleinigkeiten 


Analysenverfahren erliutert 
Rollwagen 


bewahrten 


es Herrn gelungen, das zu 


erreichen, niimilich technischen zu 


vermitteln, fiir die der Anfiinger (und nicht nur dieser) 


das meiste Lehrgeld zahlen muss.” 

In einem spektralanalytischen Laboratorium wird 
dieses Buch ein hiufig befragter Ratgeber sein, und es 
eignet sich sehr fiir die Einfhrung von Laboranten in 
dieses Arbeitsgebiet. 


H. Kircuer. 


Talanta Vol. 1, 1958. Numbers 1 2. Pergamon Press Ltd... 


London, 120s. per volume. 


TALANTA is a new journal of analytical chemistry, with 


double number contains three review articles (on methods 


Professor C. L. Wurtson as its Editor-in-Chief first 
for the analysis of the platinum metals and cobalt and on 


recent advances in recording polarography), nineteen 
research papers, two short communications, book reviews 
and notices. In this number all but three of the papers 
are in English — although, in accordance with the inter- 
national character claimed for the journal, papers may be 
presented in English, French or German and summaries 
of each paper are given in all three languages. 

The present number and the list of articles accepted for 
publication in the future suggests that Talanta will soon 
achieve an equal place with the more established journals 
of analytical chemistry and become a necessary part of 
any library which claims to provide a reasonable cover of 
this rapidly expanding field. 

W. 


J. A. DALZIEI 


W. Marz: 
gungsflache. 
10-50. 


Die Wirbelschicht als Energieiibertra- 


Springer, Berlin 1958. 66 Seiten, DM. 


Ziel, 


thermodyvnamischer 


Din Abhandlung sich dem Leser die 


Behandlung 


Energietibertragungen 


setzt zum 
und 


Hilfe 
Methoden nahezubringen. Mit den Begriffen des flachen- 


mechanischer 
mit vektoranalvtischer 
normalen Feldes einer skalaren Ortsfunktion und dessen 
Rotor zeigt Matz in iiberzeugender Weise die Niitzlichkeit 
dieses dem Ingenieur leider zu wenig geliufigen mathe- 
Werkzeuges. 
Deutung des Rotors als Wirbelschicht bietet gerade eine 


matischen Die anschauliche physikalische 


der Denkungsart des Ingenieurs angepasste Betra htungs- 


weise, die sich bisher hauptsichlich in der StrOmungs- 


lehre als ausserordentlich fruchtbar erwiesen hat (Prandtl 


sche Tragtliigeltheorie ). Die ganz alleemein erforderliche 


Existenz einer Wirbelschicht in einem flachennormalen 
Feld als notwendige Bedingung fiir Energietibertragungs 
flichen gibt dieser Theorie einen universellen physikali 
sehen Charakter und besitzt dariiberhinaus didaktischen 
Wert. 

Die Buches 


vektoranalvtischen Grundlagen bereit. 


stellen zunichst cic 
Der Teil 
des Buches ist dann anschaulichen Beispielen aus det 
Mechanik 


Be ispiel 


ersten Seiten des 


grosst« 


und Thermodyvnamik gewidmet, wie zum 


der Reibungsleistung fester Korper, der 


Wirkungsgrad 
der Warmeiiber- 


Arbeitsleistung eines Blattriihrers, dem 
und 


Bei 


in 


thermodynamischer Kreisprozesse 


tragung bei Gegenstromkihlung den thermody- 


namischen Anwendungen kommen der vektorana- 


lytischen Behandlungsweise besonders anschaulich dic 
Begriffe des unvollstindigen Differenzials und des int« 
grierenden Nenners sowie der Inhalt des zweiten Haupt- 
Ausdruck. 

Abschliessend 
im deutschen Schrifttum teilweise immer noch gebrauch- 
liche Begriff der ** Wirbelschicht ~ 
Fliessbettes mit dem hier benutzten, aus dem Rotor eines 
Vektorfeldes Begriff Wirbelschicht 
(vortex sheet) unvereinbar ist. Fir den ersteren Begriff 
ist daher das Wort “ Fliessbett ” (fluidized bed), das 


auch den physikalischen Sachverhalt besser beschreibt, 


satzes zum 


sei noch darauf hingewiesen, dass der 


in der Bedeutung eines 
der 


abveleiteten 


be rt vorzuziehen. 
unbedingt vorzu 


W. N. and B. H. 
One-Component Systems. 
1957. 376 pp., £3 4s. Od. 


LACEY Thermodynamics of 


Academic Press, London, 


Turis book is an introduction to engineering thermo- 


dynamics though this fact is not indicated in the title. 
The authors state in the preface that their aim has been 


to help the student * in his transit from serence studies 
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Book Reviews 


to engineering, from idealized thermodynamics to the 
“ombination of thermodynamics with mechanics needed for 


Broadly 


stic« d 


dealing with everyday problems of the engineer 
speaking it may be said that the authors hav 
aim. It 
help from this book the student should already 


much 
had 
course in thermo 


irts entitled 


in their is clear however that to derive 
have 
the benefit of a first year university 
book is divided into two p 
“ Flow 


The first part consists of a rapid recapitula- 


Ivnamics The 


Thermodynamic Principles” and Processes 
respectively 
tion of fundamental thermodynamics and its application 
fluid 


hapte rs dealing 


to single-phase and two phase svstems of fixed 


follows d by 


ind systems of variable 


weight with irreversible 


processes weight. In the second 


part Bernoulli's equation is derived in its generalized 


form and a discussion is given of son : ial flow 


processes (such as flow through nozzles) in which kineti« 
variety of pieces of 


energy is important \ 


then 


pr 
dynamo 
12) and 
thee 
onsidered 
vthods of 


equipment are considered such as the 


(Chapter 11), the reciprocating engine (Chapter 
3). Refrigeration 


temperatures are 


the gas compressor (Chapter 1 
liquefaction of gases at low 
in final chapters. The authors do not discuss 
refrigeration depending on an absorption process or the 
internal combustion since 


these 


types f reciprocating engine 
nent An 


traction 


involve svstems of more than one « 
interesting feature of the book is the treatment 
considered to be concentrated 


ancl the 


The frictional effects are 


in the walls of the system friction s defined as 


being the discrepancy between the mechank il transfer 


from the svstem and the corre sponding transter to the 


surroundings The quantity which is analogous to 


the “ uncompensated heat " of Clausius is inserted where 


into the both sections of the 


appropriate 
book. The 


disappointing. The 


equations in 


section on the law of corresponding states is 


statement “owing to the general 


similarity of the behaviour of all pure substances a relation 


referred to as the law of corresponding states has been 


members of a homolo 


hypothesised is applic ible to the 


yous series of substances is almost miish since it 


might imply that substances suc h as n-butane r henxact 


cane would obey the same law of corresponding states as 


methane whereas the rare t members 


of the 


gases (which are n 


same homologous series) would not \ statement 


in simple language of the work of Pitzer on this subject 


would be a help to the student since this would give 


him 
deviation from the law 


relation to the 


an insight into the reasons for 


This criticism is however very small in 


of the book 


recommended 


scope This is an interesting book which can 


There are many worked numerical 


examples in the text and these should prove helpful to the 


student M. B. Kune 


Verfahrenstechnik (lrocess Technology) 


Verlag, Munchen 


S. 
Sra edition. Carl Hanser 1958. pp 


De. Koesskacr has undertaken to write a series of mono 


graphs for the primary purpose of presenting the advance- 
technology to the 


This is the third edition of his effort. 
three 


ments in unit operations practicing 
process engineer 
The book Is 


on gen ral 


divided into main sections: one is 


techniques and equipment ; 


processes 


some of the basic laws 


amd the last 


the second is a short review of 


governing the various unit operations ; 


which occupies half the book, is on unit operations and 
associated equipment \ very useful bibliography at the 
end of each section is salient feature of the 
book Almost five 
given, practically all of which are to German books and 


handy 


rh ips the 


hundred literature references are 


appears to be. us 


into the last 


journals published 


the author had hoped 


a quite 


decade of German chemical engineering literature 

In the first main section are contained descriptions and 
many pictures and diagrams of such industrial equipment 
as reactors vessels 


pressure mills, packed columns, ovens, 


SCTEW materials of construction, and 
\ few 
devoted to methods of symbolic 


flow sheets The 


convevors 


instruments for measurement and control 
of the 


representation for 


pages 
lirst section are 
sugvested 


too elaborate t 
Kiesskalt 


clr iwihy 


schemes, although precis« appear to be 


be of much general use. In the second section, Dr 


briefly discusses the present status of fundamental theories 


underlying the fields of rheology, fine particle behaviour 


heat transfer, and mass transfer. The third section includes 


material on many of the industrially important unit 


erations screeniny ind thagnetic sorting crushing and 


grinding, sedimentation, filtration, flotation, centrifugation, 
and electrotiltration, drying, sublimation, 


dust removal 


freeze drying, erystallization, salting out, fractional solu- 
tion and extraction, evaporation, distillation and rectifica- 
tion, solvent extraction, absorption, mixing and agitation, 
pelleting and briquetting, sintering, emulsification, defoam- 
and 
Kiesskalt 


some of 


ing, melting and freezing vacuum com- 


processes, 


pression techniques, and ice production. Dr. 


has drawn upon several other workers to edit 


the topics 


i well organized book on a field 


The author has written 


in which organization is difficult, | 


R. Barri 


Catalysis in Practice.* Edited by C. H. Coser. 
Reinhold, New York, Chapman and Hall, London 1957, 


V 153 pages, 22 figures, 11 tables, Price $3-05 


Tuts book contains the papers read before the symposium 
by ten American experts on the industrial application of 
catalysis According to the preface the book purports to 
‘be of maximum utility to the young practising chemical 
engineer It comprises the following chapters 

*A collection of 
Philadelphia, Pa., in April 1957, under the auspices of the 
Philadelphia-Wilmington section of the 


papers originally presented in 
American Institute 
of Chemical Engineers and the School of Chemical Engin- 


eering, University of Pennsylvania. 
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“ What Catalyst and Why,” by Martin Kapp. 


2. “Commercial preparation of industrial catalysts,” by 


F.C. Ciapetta, C. D. Helm and L. L. Baral. 
3. “ Fixed Bed Catalyst Systems,’ by A. B. Stiles 


$t. “ Moving Bed Processes,” by J. M. Bourget and 8S. J 
Wantuck. 


5. “ Keonomics of Catalyst Use.” by R. E. Reitmeier 


i. Operating Problems in Catalytic Processing.” by 


J. Me. A. Harris. 
7. “ Trends and Prospects in Catalysis,” by Charles L- 


Thomas. 


The fact that collaborators of companies which have 
made their mark in the field of catalysis (Houdry, Davison 
Dupont, Socony Mobil Oil, Catalysis and Chemicals, Rhom 
and Haas, Sun Oil) relate from their practical experience 
will undoubtedly make students jump at the book 

As it reads easily, it provides a pleasant orientation in 
this important division of the chemical industry. Experts 
will hardly find anything new in it, however 

The most valuable part seems to be Chapter 2 
because of its systematic treatment of industrial pre- 
paration processes. The absence of a chapter on fluid bed 
catalyst systems is felt by the reviewer as a serious lack, 
the more so as s« parate treatment is given to fixed and 
moving beds 

Some, to the reviewer's mind, striking pronouncements 
are the following 
‘It is now apparent that there may never be a single 
theory which will explain all catalytic reactions. Instead, 
four or five theories for different types of catalysis may 
eventually be established. In spite of our ignorance we 
need not be dismayed. We should remember that the 
whole chemical industry is founded on reactions which are 
not so well understood.” 

“ The concept of a catalyst being a chemical reagent is an 
important one for both the chemist and the chemical 


engineer.” 
The book is well produced but, in view of its size, rather 


expensive. 
W. VAN KREVELEN 


Chemical Engineering Practice, Volume IV. Fluid 
State. Butterworth’s Scientific Publications, London, 


1957 vi 625 XIX pp., 05s. 


Votume 4 of “ Chemical Engineering Practice” falls 
into three parts which overlap to some extent both with 
each other and with the contents of previous volumes. 
“ Thermodynamic Properties of Physical Systems” by 
Strickland-Constable is, so far as the non-specialist can 
express an opinion, an extremely able and lucid survey 
of the thermodynamics of physical equilibrium (chemical 
equilibrium is deferred until Volume 8, which seems to be 


an unfortunate arrangement). The thermodynamics of 


Book Reviews 


heat engines are barely discussed (for instance, Refrigera- 
tion, apart from the Joule-Thomson effect, is covered iu 
three-quarters of a page), and one wonders whether they 
will be dealt with in a later volume. 

The first three chapters (75 pages) are devoted to the 
formal development of the subject and are followed by 
two on Properties of Single Substances and Properties 
of Mixtures.” I should have liked to see much less 
space devoted to the formal aspect (which is already 
available in a multitude of text-books on physical 
chemistry, and has already been sketchily dealt with 
in Volume 1), and much more to explaining the way in 
which the results can be applied in practice, to worked 
examples, and to a critical survey of methods of estimating 
thermodynamic properties. To my mind it is unlikely 
that many people will turn to this book to find out how 
the formulae of thermodynamics are developed from 
first principles, however well this topic is expounded ; 
they are much more likely to be seeking a practical guide 
as to how these formulae can be applied to industrial 
proble Tis 

The sixth chapter incorporates a good deal of material, 
under the heading of “Sum and Difference Properties,” 
which has appeared in earlier volumes or will (I suspect) 
appear in later ones, or both. For instance, the treatment 
of counter-current processes and of the triangular diagram 
construction for solvent extraction was anticipated in 
volume 1, and is pretty certain to crop up again in Volumes 
5 and 6 

The last chapter in this first section deals with the 
thermodynamics of fluid flow, and inevitably overlaps 
with the succeeding section on fluid mechanics: for 
instance, the total energy equation is derived twice 
(pp. 205, 305) with different symbols. 

The second section of the volume (which suffers from 
chaotic chapter titles) is a gallant attempt to deal with the 
whole of fluid mechanics in 281 pages, and on a fairly 
sophisticated level ; it might be regarded as a condensed 
version of an undergratuate text-book combined with 
“ Modern developments in Fluid Dynamics.” It is a 
tribute to the expository powers of the authors, Franklin 
ami Cass, that they have achieved such a measure of 
success. I think it is possible that a first-class mind with 
no previous knowledge of fluid mechanics could master 
this section; but it will be principally useful to those 
already acquainted with the subject, either as an aid 
memoire or as an introduction to the more advanced 
aspects Personally, I should have liked to see these 
authors given a complete volume to enable them to 
expound the whole subject of fluid mechanics in a more 
leisurely way, and to introduce a lot of material which at 
present requires reference to the literature or is dealt 
with piecemeal in other volumes. 

The final section, on “ Measurement of Process 
Variables,” by Pollard and Carruthers, is an excellent 


introduction to methods of measuring pressures, tempera- 


tures, flow-rates and liqiud levels. Since the whole 
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subject is covered in 100 pages the treatment is necessarily 
somewhat diagrammatic, and the section can in no 
sense be regarded as a practical manual on instrumenta- 
tion. One wonders whether the subject will be dealt 
with in greater detail elsewhere in the work. If so, the 
present section seems to be unnecessary ; if not, it is surely 
quite inadequate. It is somewhat dispiriting to find the 
equations of fluid flow derived again in this section (some 
of them for the third time in this volume) 

In a sense, each successive volume in this work may be 
regarded as another stage in the unfolding of a grand 
design. The design indeed exists, in the form of the original 
outline of the twelve projected volumes; this may be 
‘ ompared toa rough pen il sketch for an elaborate tapestry, 
imdicating its main dimensions and proportions but 
nothing more. If such a sketch were cut into twelve pieces 
and distributed to twelve honest weavers, with no further 
instructions, one would expect the resulting twelve 
sections of the tapestry to show striking variations in 


interpretation, colour and texture. Only the personal 


intervention of the designer at the loom can assure balance 
and coherence. 

There are indications that this work will turn out to be 
more of a patchwork than a tapestry because too little 
guidance has been exercised over the individual authors. 
I cannot help feeling that to be really satisfactory an 
enterprise of this sort needs a substantial full-time editorial 
staff, with strong convictions about the way the book 
should be written, and prepared to wrestle with the authors 
until they toe the line. It would also be a great advantage 
to have a much larger bulk of material collated — the 
whole work, if possible before starting to publish, 
instead of issuing volumes piece-meal. However, these 
are counsels of perfection. Engineers must never let the 
best be the enemy of the good, and we must be grateful 
for the valuable things which are emerging as the volumes 
appear, 

It is sad to have to record the untimely death of Mr. 
Trefor Davis, the Managing Editor of this work, to which 


he had devoted so much effort. P. V. Dancxwenrt 
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SELECTION OF CURRENT PAPERS FROM NON-CHEMICAL 
ENGINEERING JOURNALS OF INTEREST TO 
CHEMICAL ENGINEERS 


V. G. Jenson : Viscous flow round a sphere at low Reynolds numbers (< 40). Proc. Roy. Soc. 1959 A249 346-366. 


G. K. Barcuevor : Small scale variation of convected quantities like temperature in a turbulent fluid. 


Part I. General discussion and case of small conductivity. J. Fluid Mech. 1959 5 113-133. 


G. K. Barcuetor, L. D. A. A. Townsenp. Small scale variation of convected quantities like temperature 


in a turbulent fluid. Part II. The case of large conductivity. J. Fluid Mech. 1959 5 134-139. 


B. L. McFartanp. Comparison between the linear and non-linear steady-state behaviour of a heated tube. J. Appl. 


Phys. 1958 29 1682-1684. 


S. G. Banxorr, A. J. Hassan, B. B. McGioruis Jr. On the Nature and location of bubble nuclei in boiling from surfaces. 


J. Appl. Phys. 1958 29 1739-1741. 


S. Bapziocn: Collection of gas-borne dust particles by means of an aspirated sampling nozzle. Brit. J. Appl. Phys 


19509 10 26-82. 


G. F. Eveson, E. W. Hate, 8. G. Wann: Interaction between two equal-sized equal-settling spheres moving through 


a viscous liquid. Brit. J. Appl. Phys. 1959 10 43-47 
Kk. GorresMAN: Efficiency of evaporative water-cooling towers. Appl. Sci. Res. A 1958, 8 28-44. 


H. J. Merk: The macroscopic equations for simultaneous heat and mass transfer in isotropic, continuous and closed 


systems. A 1958 8 73-09. 
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SELECTION OF CURRENT SOVIET PAPERS OF INTEREST TO 
CHEMICAL ENGINEERS* 


N. Eremiyn. N. lL. Kopozev and B. G. LuKkovskaya: Conversion of methane to acetvlene in high voltage are. Zh. 
Khim 1058 32 2315-2325 
R. M. Fup Kinetics and mechanism of catalytic conversion of acetvlene. Zh. fiz. Khim. 1958 32 2339-2346 


\. V. SToRONKIN : Some problems concerning the thermodynamics of multicomponent heterogeneous systems 1. Kqui 


librium conditions of ternary three-ph svstems. Zh. fiz. Khim. 1958 32 23 2555. Equations are derived dese ribing 


changes in equilibrium states and conditions established under which a given phase process makes a transition 
to another one 
V. and A. A. Theory of thermo-adsorption separation. Zh. fiz, Khim. 1958 32 2362-23875 
Theory is based on pressure equality in the adsorbent layer. It is shown that components of a gas mixture with 
linear or Langmuir isotherms should separate completely. Effect of longitudinal diffusion and finite adsorption 
rate on boundary spread is represented mathematically 
r. Dentsov and V. M. EmManvuri Liquid-phase oxidation of benzene to phenol at temperatures near the critical 
Zh. fiz. Khim. 1958 32 237 
\. Maryusov, N. A. Matareev and N. M. Zuavornonkoy Determination of relative volatilities of a mixture of 
dibutylphthalate and dibutyvlazelate. Zh. fiz. Khim. 1958 32 2403-2409 
M. M. BKoeorov. K. G. Kerasitunixkov and \ KISELES Influence of the nature of silica gel and quartz surfaces on 
adsorption properties. I. Study of the hydration of silica surface Zh. fiz. Khim. 1958 32 2448-2454 
K. M. Nikonarvy and M. M. Duntnis lsorption properties of carboniferous adsorbents. 3. Study of gas and 
vapour adsorption isotherms on active irbon within large temperature ranges, including temperatures of critical 
area, Im fhad. Nank SSSR, Otd. khan Nauk 1958 No. 10, 1165-1174 
G. A. Kurov and Z. G. Pinsker Investigation of thin films obtained by evaporation of indium antimonide under 
vacuum. Zh. tekh. Fiz. 1958 28 2150-2154 
LS. Patarnik and A. I. Lanpau: Determination of phase composition of an equilibrium multicomponent system by 
measuring phase masses. Zh. tekh. 1 28 23.4)-2345 
\. V. Vorone On the equation of the 1 ting curve. Zh. tekh. Fiz, 1958 28 2630-2634. Combination of the empirical 
equation of Simon and Giarzen with the CLausius CLAPEYRON equation by assuming « linear relation between the 
ratio of latent heat to change in volume and pressure 
G. V. Korovisa, S. G. Ewreuis and N (CHIRKOY Rate of absorption of ethylene and propylene by sulphuric acid 
of different concentrations. Dokl hed. Nauk. SSSR 1958 121 1038-1040 
I. R. Keruevsnt and Yu. V. Tse kuanskaAy Convective diffusion in liquid solutions in the turbulent regime. Dokl, 
thad. Nank SSSR 1958 122 258-250. Discussion of results obtained with rotating dises 
M. G. KAGANER Isotherm of nitrogen adsorption at low pressures. Dokl. Akad. Nauk SSSR 1958 122 416-419 
N. A. Kuemenov and A. B. Nappanp Study of low temperature oxidation of methane initiated by oxygen 
atoms formed during thermal decomposition of ozone Doll. Akad. Nauk SSSR 1058 122 420-423 
M. Grvor, P. L. F. Kouna, F. Kopp, A. M. Rozen, N. A. Ter-OcGanesov and N. ZAGARSKAYA: 
Separation of metals by ton- xchange extraction method. Dokl. Akad. Nauk SSSR 1058 122 445-448 
G. Mameparyryv, M. M. Guserov and F. A. Mexurveva: Production of carbon tetrachloride by chlorination of 
methane in a fluidized catalwst bed. Dokl. Akad. Nauk SSSR 1958 122 817-820 
DD. A. N. M. Tkacnennko, M. A. Mixvovicu and N. V. A two-stage catalyst for oxidation 
of ammonia. Dokl. Akad. Nauk SSSR 19058 122 874-878 
Z. Gorprrs Fundamental equations for convectional heat transfer in two-phase flow. .thad. Nauk SSSR. Otd 
tekh. Nauk 1958 No. 9, 94-102. Theory of similarity is applied to present fundamental equations in the form of 
dimensionless groups, and coeflicients are determined from experimental data. 
EK. A. Srporov : Convective heat transfer in non-steady state. Izmv. Akad. Nauk SSSR, Otd. tekh. Nauk 1958 No. 9 116-117 
1. 1. Mezurrov : On flow of gas through a cylindrical pipe in presence of friction and heat transfer. Izv. Akad, Nauk SSSR 
Otd. tekh. Nauk 1958 No, 118-119. 
I’. M. Ocrpatov: Tests of thick walled tubes under high inside pressures of short duration, Ja thad. Nauk SSSR, 
Otd. tekh. Nauk 1958 No. 9, 154-138 


*To assist readers, translations of any article appear i the abowe list can be obtained at a reasonable charge AL orders should be addressed 
to the Administrative Secretary of the Pergamon I: tute at either 4 Fitzroy Square, London W.1, or 122 Kast 55th Street, New York 22, which 
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Selection of Current Soviet Papers of Interest to Chemical Engineers 


PY. Isacnenko and F, SALoMzoDA Heat transfer and hydraulic resistance of pipes at transverse flow of water 
Teploe nergetika 1958 No, 11 69-70 

N. Porov and N. V. Tseprerpens Thermal conductivity of liquid fuels Teploenergetika 1958 No. 1] 72-75 

_ Vv. Donskov Heat transfer from pipe bundles to granular material (sand) in transverse flow Teploe nergetika 1Q58 
No. 11 76-80 

Gerner, V. P. Teovorovicn and A. D. SausHarina Investigation of the rate of absorption of hydrogen sulphide 
bv arsenic-soda solutions. Zh. prikl. Khim, 1958 31 1624-1627 

BrerszNasper: Application of the theory of similarity to some chemical engineering operations. Zh. prikl. Khim 
1958 31 1636-1647 Application of dimensional analysis to absorption of ammonia by acids, effect of ammonts 


on light-sensitive paper and s« aling-up O1 processes accomy anied by chemical reaction 


_P. Mexurienov and EF. S TUMARKINA Kinetics of heat and mass transfer in foam lavers. Zh. prikl Khim. 1958 31 


1647-1655. Determination of coeflicients ind exponents in equations arrange din the form of dimensionless groups 

_]. Levin: Laboratory column for microfractionation. prikl, Khim, 1958 31 1655-1661. 

_N. Usnaxov and E. M. Lavrenterva: Synthesis of copolymers of vinyl acetate with crotonic acid and its derivatives 
Zh. prikl. Khim. 1958 31 1686-1691 
\. Anpuzova, 8S. N. Usuakov and FE, N. Rostovskr: On corre lation of components in heterogeneous contact svnthesis 
of vinyl acetate. Zh. prikl. Khim, 1958 31 1704-1708 
\. Mrxrovicn, A. L. Sunrerson and V. A. KLevnKi New cooling medium for condensation of nitrogen oxides from 
nitrous gases, Zh. prikl. Khim, 1958 31 1739-1741 
F. Acapisuev, M. F. Lanrraroy and L, 1. SoKoLovaA Electrical conductivity in the system NaOH — Na gCO, Nall 
Zh. prikl. Khim. 1958 31 1749-1752 
\. EK. A. PReEOBRAZHENSKAYA and L. Hydrogenation of adipic nitrile to hexamethylene 
diamine on cobalt catalyst. Khim. Prom, 1958 3009-401 

_N. Busur. B. Ya. Souparov, I. Ya. Tyuraryv, T. M. Trorrskaya und P.S. Gurina: Dehydrogenation of n-butane 
in semi-industrial plant with moving cat ilvst. Ahim. Prom. 1958 406-409 

_P. Korneyeuuk, V. A. Royvrer and Ya. \ ZHIGAYLO : Methods of increasing efliciency and selectivity of vanadium 
oxide catalysts in oxidation of naphthalene to phthali anhydride. Khim. Prom. 1958 410-415 
\. LyupkKovskaya, S. D. Fripman and L. 1. Saveceva: Separation of mixtures of carbon dioxide and ammonia by 
aqueous solutions of monoethanolamine. Khim. Prom, 1958 425-420 

_Z. Kacan. M. E. Agrov, T. VouKova and V. N. Vosrreikova: Investigation of extractors with mechanical mixing 
of phases (rotating dise extractors) Khim. Prom. 1958 452-458 
\. RozentaL: Methods of improvement of the process of drying in the photographic industry. Khim. Nauk Prom. 
1958 3 654-057 

1). Gromakov and A. P. Cuerkasov : On methods of calculating the properties of ternary und quaternary systems 
Viscosity and specific gravity of the system water cthanol-methanol- glycerol. Zh. fiz. Khim. 1958 32 2 73-2478 
P. Timorerv: On the rate of desorption. Zh. fiz Khim. 1958 32 2483-2486. Assuming negligible effect of outer 
diffusion an equation is derived for the rate of adsorption at low flow rates 

: N. Mororma and A. N. Porov: Effect of temperature on tone xchange equilibrium. 1. Basic factors determining 
the change in ion-exchange adsorption with temperature Zh. fiz. Khim, 1958 32 2557-2560. 

_M. Eeorov. T. S. Ecorova, K. G. Krasitnikoy and V. F. Effect of the nature of silica gel and quartz 
surface on adsorption properties, II Adsorption of vapours of water, me thanol and nitrogen on silica gel of different 
degrees of hydration. Zh. fiz. Khim. 1958 32 2624-2655 
\. Srporos Effect of non-isothermal conditions on hydraulic resistance in laminar motion of liquids in tubes. Zh. 
tekh. Fiz. 1958 28 2711-2712 
\. Cuernisury: Effect of oil viscosity on control problems, Teplo nergetika 1958 No, 12 66-71. 

. 1. CHERNEERVA Experime ntal determination of specitic heat of Freon 142. Teploe nergetika 1958 No, 12 71-78 

_F. Becunxova: Effect of thermal contact resistances In a pe llet insulation. Teploenergetika 1958 No, 12 85-86 

Miseev. Yu. I. Liapova, V. I. Vepeneev, M. B. Neuman and V. V. Vovevopsk1: Methods of formation of 
propylene and ethvlene in the cracking of isobutylene Dokl. Akad. Nauk SSSR 1958 123 292-294. 

_V. Smrenova and K. V. Torcnmeva: Adsorption of hydrocarbons at elevated temperatures. Dokl. Akad. Nauk SSSR 
1958 123 316-319 

_P. Prupnirxov: Analytical investigation of heat and mass transfer processes in convection drying. I=v. Akad, Nauk 
SSSR, Otd. tekh. Nauk 1958 No, 10 63-67 

. Vv. Yakosievski: On thickness of the zone of turbulent mixing at the boundary of two gas streams of different 
velocities and densities. Ix thad. Nauk SSSR, Otd, tekh. Nauk 1958 No. 10 153-154. 

S. I. Kosrertn and A. D. Macomrpov : Investigation of the motion of viscous liquid under conditions of heat transfer 

in the range of large Prandt! numbers. [= tkad. Nauk SSSR, Otd. tekh. Nauk 1958 No, 10 155-157 
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\. Ku. MirzapzHanzapr and V. V. Mustarary: On displacement of gas by water in porous media. Izv. Akad. Nauk 
SSSR, Otd. tekh. Nauk 1958 No. 11 95-97 
T. P. Zavuze, T. P. Sarronova and G. N. Yusukevicn: Extraction of ozokerit from ozokerit deposits by compressed 
vases. Iz thad. Nauk SSSR, Otd. tekh. Nauk 1958 1958 No. 11 123-125 
\. V. Kararov and V. I. Trormov: On anelysis of diffusional processes on the basis of fully developed turbulence. 
Zh. prikl, Khim, 1958 31 1809-1816. Study of effects of molecular diffusion on the rate of absorption in the inversion 
regime \ general correlation is given 
kK. K. Styepe and P. G. RomanKkoy Investigation of the process of distillation by means of steam. Zh. prikl. Khim. 
1958 31 1817-1823. Studies of bubbling and entrainment 
D. Ss. Tsrkuis: Soubility of lubricating oils in liquid ethylene. Ahim. Prom. 1958 404-406 
Yu. A. Batarnigxova, L. O. and M. Texskin: Radiosulphur study of poisoning of ammonia synthesis 
catalyst by hydrogen sulphide. Zh. fiz. Khim, 1958 32 2717-272 
Kk. N. N. 1. Kopozev and B. G. Lyupkovskaya: Conversion of methane to acetylene in high voltage are. I 
Effect of hvdrogen. Zh. fiz. Khim. 32 2767-2771 
N. Maroria and A. N. Poroy Influence of temperature on ion-exchange equilibrium. IL. Effeet of temperature 
variations in ion-exchange adsorption on sulpho-resins. Zh. fiz. Khim. 1958 32 2772-2779 
G. M. Pancuenkov, T. S. Maksareva and V. V. ErcuenKkoy Temperature dependence of diffusion coeflicients of 
some organic liquids. Zh. fiz. Khim, 1958 32 2787-2791 
s. V. Doprovoiski and V. Ya. PatatrnyuKk: On the kinetics of consecutive reactions in a recirculating flow system 
Zh. fiz. Khim, 1958 32 2792-2706 
R. Sercurenko, E. V. Lesepev and A. A. Prerrov: Selective catalytic dehydrogenation of seturated high molecular 
hydrocarbons in the liquid phase Dob thad. Nauk SSSHR 1958 123 704-706 
Porcurva and B. V. Romanovski: Determination of adsorption coeflicients of ether, water and ethylene by the 
kinetic method. Dokl. Akad. Nauk SSSR 1959 124 135-138 
. A. SMIRNON Schemes for gas-separating plants in oil refineries. Zhim. Tekhnol. Topl. Masel 1958 No. 9 1-7. 
\. N. Prawovski and L. A. Viasenkoy Kinetics of continuous adsorption in a fluidized bed. Khim. Tekhnol. Topl. 
Vasel 1958 No. 9 7-13 
Lipkin: Effect of structure and composition of synthetic sorbents on their activity in percolation purification of 
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